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List of abbreviations

4-PBA   4-phenyl butyric acid 
AP  (intestinal) alkaline phosphatase 
APL   aminophospholipid 
APLT   aminophospholipid translocase 
Arf	 	 ADP-ribosylation	factor	
ASBT   apical sodium dependent bile acid transporter 
ATP8B1  P-type ATPase member 8B1 
ATPase  adenosine triphosphatase
BRIC		 	 benign	recurrent	intrahepatic	cholestasis	
BSEP		 	 bile	salt	export	pump	
CDC50   cell-division-cycle 
CDCA	 	 chenodeoxycholic	acid
cDNA   complementary DNA 
DNF   Drs2 and Neo1 Family 
DPC		 	 days	post	confluence	
DRS2		 	 deficient	for	ribosomal	subunits		
E-cad   E-cadherin 
ER		 	 endoplasmic	reticulum	
FIC		 	 familial	intrahepatic	cholestasis	
FXR		 	 farnesoid	x	receptor	
GEF		 	 GTP	exchange	factor	
GGT   gamma-glutamyl transpeptidase
IBABP   ileal bile acid binding protein 
MDR3	 	 multidrug	resistance	protein	3
NEO1   neomycin resistance 
NTCP   Na/Taurocholate cotransporting polypeptide 
OSTαβ	 	 organic	solute	transporter	αβ
P4	ATPase	 subfamily	IV	P-type	ATPase
PC  phosphatidylcholine
PDI   protein	disulfide	isomerase.
PE   phosphatidylethanolamine 
PFIC	 	 progressive	familial	intrahepatic	cholestasis	
PI  phosphatidylinositol 
PKC		 	 protein	kinase	C	
PS  phosphatidylserine
qRT-PCR		 quantitative	reverse	transcriptase	polymerase	chain	reaction	
RXR		 	 retinoid	x	receptor	
SERCA			 sarcoplasmic	reticulum	Ca2+-ATPase 
SHP  short heterodimer partner
SI   sucrase isomaltase 
SL-PL   spin-labeled phospholipid
TA   taurocholic acid   
TfR		 	 transferrin	receptor	
TGN		 	 trans	golgi	network	
WT		 	 wild	type
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Bile	salts	have	critical	functions	in	the	liver	and	small	intestine.	Their	synthesis	in	hepatocytes	
provides	a	metabolic	pathway	for	the	catabolism	of	cholesterol	and	their	detergent	properties	
promote	the	solubilisation	of	essential	nutrients	and	vitamins	in	the	small	intestine.	Active	
bile	salt	secretion	is	the	driving	force	for	the	formation	and	flow	of	bile	and	is	accompanied	by	
secretion	of	balanced	proportions	of	cholesterol	and	phospholipids.	Due	to	their	amphipathic	
nature,	bile	salts	are	inherently	cytotoxic.	A	failure	in	the	secretion	of	bile	components	from	
hepatocytes	 into	bile	 results	 in	 impaired	bile	flow	or	 intrahepatic	cholestasis.	 Intrahepatic	
cholestasis can either be acquired or have genetic causes. 
In Chapter 1 we	give	a	historical	overview	on	the	discovery	of	genetic	causes	of	familial	
intrahepatic	cholestasis	as	a	consequence	of	mutations	in	genes	involved	in	bile	formation	
at	 the	 hepatocyte	 canalicular	 membrane.	 In	 particular,	 we	 focus	 on	 “the	 who”	 of	 this	
thesis; ATP8B1. Mutations in the ATP8B1	 gene	cause	a	 spectrum	of	 familial	 intrahepatic	
cholestasis	syndromes	which	we	collectively	refer	to	as	ATP8B1	deficiency.	After	more	than	
a	decade	following	the	initial	discovery	that	mutations	in	ATP8B1	are	causative	for	ATP8B1	
deficiency	syndromes,	 there	are	still	 large	gaps	 in	our	understanding	of	how	mutations	 in	
ATP8B1	mechanistically	result	in	intrahepatic	cholestasis.	Currently,	different	hypotheses	are	
proposed	on	the	pathophysiologic	mechanisms	underlying	ATP8B1	deficiency,	which	may	
not	be	mutually	exclusive.	Furthermore,	patients	with	ATP8B1	deficiency	can	present	with	
extrahepatic	manifestations,	such	as	diarrhea,	pancreatitis	and	hearing	loss,	which	are	most	
probably	due	to	expression	of	ATP8B1	in	other	tissues.	ATP8B1	belongs	to	the	family	of	P4 
P-type ATPases (P4	ATPases),	which	are	phospholipid	translocators.	The	cellular	functions	
of	P4	ATPases	in	various	eukaryotic	(model)	organisms	are	reviewed	in	Chapter 2. These 
P4	ATPase-specific	functions,	together	with	the	expression	of	ATP8B1	in	tissues	unrelated	to	
bile	flow,	suggest	that	ATP8B1	plays	a	general	role	in	cell	physiology.	

The aim of this thesis is to study the cellular consequences of ATP8B1 deficiency. 

In	Chapter	3	and	Chapter	4	we	first	studied	“the	why”	of	ATP8B1	deficiency.	In	Chapter 3	we	
address	the	question	why	different	mutations	cause	ATP8B1	deficiency	at	the	molecular	level.	
Furthermore,	we	explore	the	potential	of	a	clinically	approved	pharmacological	chaperone,	
4-phenylbutyrate,	 as	 a	 possible	 therapeutic	 treatment	 strategy	 for	ATP8B1	 patients	 with	
specific	type	of	mutations in vitro.  
In	humans,	fourteen	P4	ATPases	are	identified	and	in	Chapter 4	we	studied	why	ATP8B1	
protein	function	is	unique	in	this	family	of	human	P4	ATPases.	It	was	previously	shown	that	
P4	ATPases	need	 to	associate	with	a	member	of	 the	CDC50	protein	 family	 for	 functional	
expression.	We	studied	the	interaction	of	ATP8B1	and	the	closest	homologues	of	ATP8B1,	
the class 1 P4	ATPases,	with	CDC50	proteins	and	we	determined	the	functional	consequences	
of	these	interactions	on	protein	expression	level	and	cellular	localization.	
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In Chapter 5 and 6	we	focus	on	“the	what”	of	ATP8B1	deficiency;	what	are	 the	cellular	
consequences	if	we	deprive	a	cell	from	ATP8B1	protein?	Patients	with	ATP8B1	deficiency	
present	with	 intrahepatic	cholestasis	 as	primary	complication.	However,	 also	extrahepatic	
complications	occur,	the	most	frequently	reported	being	intractable	diarrhea.	Also,	ATP8B1	
protein	 expression	 in	 the	 intestine	 is	much	more	pronounced	 than	 in	 liver.	Therefore,	we	
chose	to	study	the	cellular	consequences	of	ATP8B1	deficiency	in	the	Caco-2	cell	line.	Caco-
2	cells	can	be	differentiated	 into	polarized	monolayers	 that	highly	 resemble	 the	 intestinal	
epithelium.	We	constructed	a	loss	of	function	model	in	Caco-2	cells	by	stable	expression	of	
short	hairpin	RNAs	(shRNA)	complementary	to	ATP8B1 mRNA	to	study	the	consequences	
of	ATP8B1	deficiency	in	enterocytes	in vitro. In Chapter 5 we	analyzed	the	effect	of	ATP8B1	
knock	down	in	Caco-2	cells	on	aminophospholipid	translocase	activity	and	investigated	the	
polarized	structural	integrity	of	these	cells.	It	is	thought	that	the	intractable	diarrhea	seen	in	
patients	with	ATP8B1	deficiency	could	be	a	consequence	of	bile	acid	malabsortion	 in	 the	
intestine. In Chapter 6	we	 therefore	asses	bile	 salt	uptake	 in	our	Caco-2	ATP8B1	knock	
down	cell	lines,	and	address	whether	this	is	due	to	mislocalization	of	bile	salt	transporters	or	
reduced	FXR	signaling.	In	addition,	we	investigated	the	consequences	of	ATP8B1	deficiency	
in	more	detail	by	microarray	transcriptome	analyses	of	ATP8B1-depleted	Caco-2	cell	lines	
and controls.
Finally, the research presented in this thesis is discussed and integrated into a model describing 
our	current	knowledge	on	the	cellular	function	of	ATP8B1 (Chapter 7). The implications 
of	cellular	ATP8B1	function	for	the	pathophysiology	of	ATP8B1	deficiency	in	humans	are	
discussed.
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Chapter 1

ATP8B1 deficiency: 
a familial intrahepatic cholestasis syndrome
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Abstract 

Bile	 salts	 perform	 important	 physiological	 functions	 in	 liver	 and	 intestine.	 Due	 to	 their	
amphiphatic	nature,	bile	 salts	 are	 inherently	cytotoxic.	Therefore,	bile	 salt	homeostasis	 is	
tightly	regulated	by	feedforward	and	feedback	mechanisms	in	the	liver	and	gastrointestinal	
tract.	A	 failure	 in	 the	 secretion	 of	 bile	 components	 from	 hepatocytes	 into	 bile	 results	 in	
impaired	bile	flow	or	intrahepatic	cholestasis.	The	genetic	causes	of	intrahepatic	cholestasis	as	
a	consequence	of	mutations	in	genes	involved	in	bile	formation	at	the	hepatocyte	canalicular	
membrane,	are	outlined.	In	particular,	we	focus	on	the	pathophysiology	of	ATP8B1	deficiency.

16
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1. Introduction

1.1. Enterohepatic circulation of bile salts
Bile	 salts	 are	 amphipathic	molecules	which	 are	 synthesized	 in	 the	 liver	 from	 cholesterol	
(1).	This	process	accounts	daily	for	50%	of	cholesterol	elimination	from	the	body.	Bile	salts	
are	the	major	functional	constituents	of	bile	and	are	actively	secreted	into	the	hepatic	bile	
canaliculus	 together	with	balanced	proportions	of	cholesterol	and	phospholipids.	Bile	salt	
secretion	is	the	driving	force	for	the	formation	and	flow	of	bile.	Hepatic	bile	is	stored	in	the	
gallbladder	and	released	into	the	duodenum	upon	ingestion	of	a	meal.	Due	to	their	amphipathic	
nature,	bile	salts	in	the	intestine	act	as	emulsifiers	of	dietary	lipids,	cholesterol	and	fat-soluble	
vitamins.	A	 large	proportion	of	bile	 salts	 (95%)	 is	actively	 reabsorbed	 in	 the	distal	 ileum	
and	 recycled	 to	 the	 liver	 via	 the	 portal	 vein	 (Figure	 1).	This	 enterohepatic	 circulation	 of	
bile	 salts	 is	 vectorial	 and	 is	 facilitated	by	 a	 number	of	 transporters	 expressed	on	 specific	
domains	of	hepatocytes,	 cholangiocytes	and	enterocytes	 (Figure	1)	 (2).	After	 synthesis	 in	
the	hepatocyte,	bile	salts	are	secreted	into	the	bile	canaliculus	by	the	Bile	Salt	Export	Pump	
(BSEP or ABCB11). Cholesterol and phospholipids are co-secreted into bile by the ABCG5/
G8	heterodimer	and	the	Multi	Drug	Resistance	transporter	(MDR3	or	ABCB4),	respectively.	
In	the	intestine,	bile	salts	are	reabsorbed	from	the	gut	lumen	by	the	Apical	Sodium-dependent	
Bile	salt	Transporter	(ASBT	or	SLC10A2),	which	is	localized	at	the	enterocyte	brush	border.	
At	the	basolateral	membrane	of	enterocytes	bile	salts	are	transported	into	the	portal	venous	
system	by	the	heterodimeric	Organic	Solute	Transporter	alpha/beta	(OSTαβ).	Subsequently,	
bile salts are imported into the hepatocyte by the Natrium Taurocholate Co-transporting 
Polypeptide	(NTCP	or	SLC10A1),	which	completes	the	enterohepatic	circulation	of	bile	salts.

1.2. Bile salt synthesis
Bile salts are synthesized de novo in hepatocytes as primary	bile	acids,	via	a	complex	set	
of	 enzymatic	 reactions.	 The	 rate	 limiting	 enzymes	 in	 bile	 acid	 synthesis	 are	 cholesterol	
7α-hydroxylase	 (CYP7A1)	 for	 cholic	 acid	 (CA)	 synthesis	 and	 mitochondrial	 sterol	 27	
hydroxylase	 (CYP27A1)	 for	 chenodeoxycholic	 acid	 (CDCA)	 synthesis	 (1).	 In	 contrast,	
mouse	 hepatocytes	 produce	 the	much	more	 hydrophilic	 bile	 acid	 β-muricholic	 acid.	Bile	
acids	are	subsequently	conjugated	to	taurine	or	glycine	by	the	Bile	Acid	Amino	Transferase	
(BAAT),	which	renders	the	resulting	bile	salts	 less	hydrophobic.	In	the	intestine	bile	salts	
are	deconjugated	by	enzymes	of	the	gut	microflora.	Furthermore,	primary bile acids in the 
intestine are converted by gut microbes into the secondary	bile	acids	deoxycholic	acid	(DCA)	
and	 lithocholic	acid	 (LCA)	by	removal	of	a	hydroxyl	group	on	position	C-7	of	 the	sterol	
nucleus. Like CA and CDCA, DCA and LCA also undergo enterohepatic circulation to the 
liver	where	they	are	conjugated	to	taurine	or	glycine.	LCA	is	also	hydroxylated	or	sulphated	
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in	hepatocytes,	to	make	it	more	readily	soluble	in	bile	and	less	efficiently	absorbed	in	the	
intestine.	This	safeguards	elimination	of	this	toxic	bile	acid	from	the	body.

1.3. Bile salt homeostasis
The	amphipathic	nature	of	bile	salts	renders	these	molecules	highly	competent	to	perform	their	
specific	detergent	function,	but	also	provides	inherent	cytotoxicity.	Bile	salt	homeostasis	is	
therefore	tightly	regulated	by	negative	feedback	mechanisms	in	the	liver	and	gastro-intestinal	
tract.	Elevated	bile	salt	levels	are	detected	by	the	Farnesoid	X	Receptor	(FXR	or	NR1H4)	
which	binds	naturally	occurring	bile	salts	(3-5).	FXR	belongs	to	the	family	of	nuclear	receptors	
and	 coordinates	 transcriptional	 control	 of	 short	 heterodimer	 partner	 (SHP	 or	 NR0B2),	
which	acts	as	a	transcriptional	repressor	of	bile	salt	synthesis	(CYP7A1	and	CYP8B1)	and	
bile	 salt	 import	 (NTCP	and	OATPs)	 in	 the	 liver	 (6-8).	FXR	also	 induces	 transcription	of	
BAAT,	BSEP	and	MDR3,	 thereby	inducing	intracellular	bile	salt	and	phospholipid	export	
from	hepatocytes	(Figure	2)(9,	10).	In	enterocytes,	activated	FXR	induces	the	expression	of	
genes	encoding	the	basolateral	bile	salt	export	pump	OSTαβ	(11),	of	the	intestinal	bile	salt	
binding	protein	(IBABP)(12)	and	of	the	transcriptional	repressor	SHP	(13).	Import	of	bile	
salts	 into	 the	enterocyte	 is	 reduced	by	 transcriptional	 repression	of	ASBT by SHP (Figure 
2).	Furthermore,	FXR	 induces	 in	 the	 intestine,	 and	possibly	 also	 in	hepatocytes,	FGF-19 

Figure 1. Enterohepatic circulation of bile salts.
Schematic	 representation	 of	 the	 enterohepatic	 circulation	 of	 bile	 salts.	 Green	 arrows	 represent	 bile	 salt	 transport.	 Additional	
transporters	relevant	to	bile	formation	are	also	depicted.	See	text	for	further	details.
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(fibroblast	growth	factor	19),	which	encodes	a	circulating	hormone	 that	binds	 to	 the	FGF	
receptor	4	 (FGFR4)	present	at	 the	basolateral	membrane	of	hepatocytes	 (14-16).	A	signal	
transduction cascade is then initiated to represses hepatic CYP7A1 gene transcription by 
activation	 of	 c-Jun	 N-terminal	 Kinase	 (JNK),	 hence	 downregulating	 bile	 salt	 synthesis	
(Figure	2).	Taken	together,	FXR	prevents	from	toxicity	of	bile	salts	by	tightly	regulating	their	
concentration	in	hepatocytes	and	enterocytes.	Furthermore,	the	most	cytotoxic	bile	acid	LCA	
also	binds	and	activates	the	Vitamin	D	Receptor	(VDR	or	NR1I1),	the	Pregnane	X	Receptor	
(PXR	or	NR1I2)	and	the	Constitutive	Androstane	Receptor	(CAR	or	NR1I3),	which	induce	
gene	expression	of	enzymes	involved	in	the	metabolism	and	detoxification	of	LCA	(17-19).	
This	way,	inappropriate	levels	of	toxic	bile	salts	are	sensed	and	eliminated.	All	these	nuclear	
receptors	function	as	heterodimers	with	Retinoid	X	Receptors	(RXR).

1.4.1. Bile salts as signalling molecules
Besides	a	role	as	emulsifiers	for	food	lipids,	 it	has	become	clear	that	bile	salts	also	act	as	
signalling	molecules	and	potent	activators	of	intracellular	signalling	pathways.	In	addition	to	
their	actions	at	the	transcriptional	level,	bile	salts	also	are	capable	of	(in)direct	activation	of	
cellular	signalling	cascades.	Next	to	indirect	activation	of	the	JNK	pathway	by	FGF-19	and	
FGFR4,	bile	salts	are	thought	to	directly	activate	JNK	(20).	Bile	salts	activate	PKB	(protein	
kinase	B	or	AKT)	signalling	via	two	different	mechanisms	(reviewed	in	(21)).	Conjugated	
bile	salts	can	activate	G-protein	coupled	receptors	(Gαi),	and	unconjugated	hydrophobic	bile	
salts	may	generate	superoxide	ions	in	mitochondria	(22-24).	Activation	of	the	PKB	signalling	

Figure 2. Maintenance of bile salt homeostasis in liver and intestine by FXR.
Schematic	representation	of	negative	and	positive	feedback	regulation	mechanisms	by	FXR	to	control	bile	salt	homeostasis.	Green	
arrows	 indicate	positive	 transcriptional	 regulation.	Red	blunt	 end	arrows	 indicate	 transcriptional	 repression.	See	 text	 for	 further	
details.
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pathway	by	bile	 salts	 resembles	 the	activation	of	 this	pathway	by	 insulin.	Therefore,	bile	
salts	seem	to	be	able	to	alter	hepatocyte	glucose	metabolism	in	two	ways.	First,	via	as	yet	
unidentified	G-protein	coupled	receptors	that	activate	the	PKB	pathway.	Secondly,	activated	
FXR	upregulates	expression	of	SHP	which	binds	to	FOX01,	CEBPα	and	HNF4α,	which	are	
genes	known	to	be	involved	in	gluconeogenesis	(recently	reviewed	in	(25,	26)).
Bile	salts	were	identified	as	natural	ligands	for	the	G-protein	coupled	receptor	TGR5	(27).	
TGR5	is	expressed	at	varying	levels	in	human	tissues	like	placenta,	kidney,	spleen	skeletal	
muscle,	heart	and	small	intestine.	However,	TGR5	mRNA	is	absent	in	human	hepatocytes	
while	 it	 is	 found	 in	human	 liver	 samples	 indicating	 that	TGR5	 is	expressed	by	other	cell	
types	 in	 the	 liver	 (24,	28).	TGR5	stimulation	by	bile	 salts	 increases	cyclic	AMP	(cAMP)	
levels.	In	mice,	it	has	been	shown	that	bile	salts	induce	cAMP-dependent	thyroid	hormone	
activating enzyme type 2 iodothyrodine deiodinase (D2) and other enzymes involved in 
energy	 expenditure	 in	 brown	 adipose	 tissue	 and	muscle	 (29)	 (see	 1.4.2).	 Cell	 signalling	
pathways	respond	much	faster	(seconds	to	minutes)	than	nuclear	receptors	(minutes	to	hours)	
to	 regulatory	 ligands	 (bile	 salts	 in	 this	 case).	So	a	combination	of	 these	 two	mechanisms	
would	give	long-term	and	short-term	control	over	metabolism.

1.4.2. Bile salts as integrators of energy metabolism
It	may	be	 evident	 from	 the	 involvement	 in	different	 cellular	 signalling	 cascades	 that	 bile	
salts	are	involved	in	more	processes	than	regulating	their	own	homeostatic	control.	Recent	
studies	suggest	that	bile	salts	are	important	metabolic	regulators	of	lipid,	glucose,	and	energy	
homeostasis. 
Bile salts have been reported to inhibit diet-induced obesity and insulin resistance in mice. 
The	study	of	Watanabe	et al (29)	indeed	showed	that	energy	expenditure	is	increased	in	mice	
fed	with	cholic	acid,	which	prevented	obesity	and	insulin	resistance.	It	was	shown	that	this	
effect	was	meditated	by	TRG5	and	subsequent	activation	of	D2.	Recently,	it	was	shown	that	
TGR5	signalling	 induces	 intestinal	glucagon-like	peptide-1	 (GLP-1)	 release,	which	 led	 to	
improved	liver	and	pancreatic	function	and	enhanced	glucose	tolerance	in	obese	mice	(30).	
The	 investigations	 on	 the	 physiological	 importance	 of	TGR5	 are	 just	 beginning	 and	will	
probably be tissue and cell type dependent.
It	has	been	known	for	a	 long	 time	 that	bile	 salts	affect	 triglyceride	homeostasis.	There	 is	
an	inverse	relation	of	the	amount	of	bile	salts	transported	from	the	portal	vein	into	the	bile	
canaliculi	(transhepatic	bile	salt	flux)	and	the	amount	of	VLDL	produced	by	the	liver.	Low	
transhepatic	flux	of	bile	salts	due	to	treatment	with	bile	salt-binding	resins	or	ileal	exclusion	
increases	hepatic	VLDL,	triglyceride	and	HDL-cholesterol	production,	while	LDL-cholesterol	
concentrations	are	decreased.	Upon	high	transhepatic	bile	salt	flux	the	opposite	occurs.
Importantly,	 bile	 salts	 are	 synthesized	 from	cholesterol,	which	accounts	 for	50%	of	daily	
cholesterol	 excretion.	 Oxysterols	 are	 natural	 ligands	 for	 the	 nuclear	 receptor	 Liver	 X	
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Receptor	(LXR).	Activated	LXR	induces	bile	salt	synthesis	and	cholesterol	metabolism	via	
upregulation	of	CYP7A1 (31).
The	homeostatic	control	of	energy	and	glucose	metabolism,	fatty	acids,	triglycerides,
lipoproteins,	cholesterols,	bile	salts	and	defense	against	xeno-	and	endobiotics	is	integrated	by	
nuclear	receptors.	Peroxisome	proliferator-activated	receptors	PPARs,	the	liver	X	receptors	
(LXRs),	liver	receptor	homolog-1	(LRH-1),	FXR	and	PXR	are	important	in	transcriptional	
control	of	these	metabolic	circuits.	An	imbalance	in	these	homeostatic	metabolic	circuits	due	
to	chronic	ligand	excess	or	secondary	to	genetic	causes,	may	contribute	to	the	pathogenesis	
of	metabolic	diseases	such	as	obesity,	insulin	resistance,	hyperlipidemia,	and	cholestasis.

2. Familial intraheptic cholestasis; a historical overview.

Cholestasis	 is	 defined	 as	 the	 impairment	 of	 bile	 flow	 and	 can	 be	 either	 intrahepatic	 or	
extrahepatic.	A	failure	in	the	secretion	of	bile	components	from	hepatocytes	or	the	ductular	
cells	(cholangiocytes)	are	causes	of	intrahepatic	cholestasis,	whereas	an	obstruction	of	the	
excretory	pathway	outside	 the	 liver	 is	defined	as	extrahepatic	cholestasis.	Cholestasis	can	
either	have	a	genetic	cause	or	can	be	acquired.	Examples	of	acquired	forms	of	cholestasis	
are	drug-induced	cholestasis	and	intrahepatic	cholestasis	of	pregnancy	(ICP),	although	ICP	
can also have a genetic component. Genetic causes underlying cholestasis are diverse since 
the	formation	and	synthesis	of	bile	is	a	tightly	regulated	and	complex	process.	Cholestasis	
resulting	 from	 defects	 in	 bile	 salt	 synthesis,	 tight	 junction	 defects	 or	 syndromes	 such	 as	
VPS33B	deficiency,	Aagenaes	syndrome	or	Cirhin	deficiency	are	not	discussed	here	(for	a	
review	on	these	cholestasis	syndromes	see	(32)).	Here	we	outline	the	discovery	of	genetic	
causes	of	in	intrahepatic	cholestasis	as	a	consequence	of	mutations	in	genes	involved	in	bile	
formation	at	the	canalicular	membrane.

2.1. Biochemical identification of cholestasis syndromes resulting from canalicular 
transporter defects.
Progress	 in	biochemical	analyses	made	 it	possible	 in	 the	1950’s	 to	metabolically	 identify	
liver	 diseases	 in	 newborns,	 which	 were	 previously	 grouped	 together	 under	 the	 name	
“neonatal	hepatitis”.	In	this	context,	a	group	of	patients	presenting	with	progressive	neonatal	
cholestasis	were	described	by	Clayton	et al (33)	in	1969.	These	patients	were	all	of	Amish	
descent	of	 the	Byler	kindred,	which	 suggested	 that	 the	disease	had	a	genetic	 component.	
The	 disease	 was	 named	 ‘Byler	 disease’	 and	 was	 described	 as	 fatal	 familial	 intrahepatic	
cholestasis.	Characteristics	of	Byler	disease	are	cholestasis	manifesting	in	infancy	with	liver	
fibrosis	without	any	obvious	obstructions	of	bile	ducts.	If	untreated,	Byler	disease	leads	to	
death	in	the	first	decade	of	life	or	in	early	adulthood	due	to	liver	failure.	This	type	of	neonatal	
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cholestasis	was	also	recognized	in	children	unrelated	to	the	Byler	kindred	and	was	named	
Progressive	Familial	Intrahepatic	Cholestasis	(PFIC)	(34-36).	Later	on,	the	use	of	the	terms	
PFIC	and	‘Byler	disease’	in	literature	were	used	exchangeably.

Ten	 years	 before	 Byler	 disease	 was	 described	 as	 a	 hereditary	 cholestasis	 syndrome	 in	
children, Summerskill and Walshe (37) described a phenotypically similar syndrome in 
adults.	However,	the	cholestasis	in	this	group	of	patients	was	not	progressive	but	presented	
as	 recurrent	episodes.	This	syndrome	also	had	a	clear	genetic	component	and	was	named	
Benign	Recurrent	Intrahepatic	Cholestasis	(BRIC).	BRIC	patients	do	not	develop	permanent	
liver damage.
Further	 distinction	 in	 the	 heterogeneous	 group	 of	 patients	which	 presented	with	 PFIC	 or	
BRIC	became	available	when	it	was	recognized	that	there	were	distinct	forms	of	cholestasis	
which	 either	 present	 with	 low	 gamma-glutamyl	 transpeptidase	 (GGT)	 or	 elevated	 GGT	
plasma	levels	(38,	39).	GGT	is	an	enzyme	which	is	located	in	the	outer	canalicular	membrane	
leaflet.	Cholestasis	with	high	bile	salt	concentrations	 in	 the	canaliculus	 induce	canalicular	
membrane	damage	which	subsequently	leads	to	high	GGT	concentrations	in	the	plasma.	It	
was	discovered	that	serum	GGT	concentrations	are	elevated	in	liver	diseases	affecting	the	
biliary	system,	such	as	extrahepatic	biliary	atresia,	sclerosing	cholangitis	and	some	forms	
of	PFIC.	From	then	on	major	advances	in	the	understanding	of	the	molecular	mechanisms	
of	 bile	 formation	 and	 genetic	 studies	 of	 children	with	 chronic	 cholestasis	 uncovered	 the	
molecular	basis	of	PFIC.

2.2. MDR3 / ABCB4 deficiency
It	was	discovered	that	patients	presenting	with	elevated	serum	bile	salts,	high	GGT	plasma	
levels and PFIC, had mutations in the MDR3 gene (Table 1). The disorder caused by 
mutations in MDR3	 is	 known	 as	PFIC	 subtype	 3	 (PFIC3)	 or	MDR3	deficiency	 (40,	 41).	

ATP8B1 de�ciency BSEP de�ciency MDR3 de�ciency 

Transmission autosomal recessive autosomal recessive autosomal recessive
phenotypic presentation PFIC1, PFIC1, ICP1 PFIC2, BRIC2, ICP2 PFIC3, ICP3

Pruritus severe severe moderate
Serum GGT values normal normal high

Primary bile acid concentration serum very high very high high
Bile composition low primary bile acid very low primary bile acid low phospholipid 

Chromosomal locus 18q21-22 2q24 7q21
Gene/protein ATP8B1 / ATP8B1 ABCB11 / BSEP ABCB4 / MDR3

Localization in hepatocyte canalicular membrane canalicular membrane canalicular membrane
Extrahepatic expression intestine, stomach, pancreas, cochlea none none

Functional defect aminophospholipid transport bile salt transport phosphatidylcholine

concentration concentration concentration

translocation

Table 1. Main characteristics of Progressive Familial Intrahepatic Cholestasis syndromes.

Table	adapted	from	reference	(44)
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MDR3	is	(exclusively)	expressed	at	the	hepatocyte	canalicular	membrane	and	facilitates	the	
transport	of	phosphatidylcholine	over	the	hepatocyte	apical	plasma	membrane	into	the	bile	
canaliculus.	Cholestasis	in	MDR3	deficient	patients	results	from	the	toxicity	of	bile	in	which	
detergent	bile	salts	are	not	sequestered	by	phospholipids	into	micelles,	leading	to	injury	of	
bile	canaliculi	and	biliary	epithelium.	It	is	now	recognized	that	the	phenotypic	spectrum	of	
MDR3	deficiency	ranges	from	neonatal	cholestasis	to	cirrhosis	in	young	adults	(42,	43)	and	
there	 is	strong	genetic	evidence	 that	MDR3	is	 involved	 in	 the	development	of	 intraheptic	
cholestasis	of	pregnancy	subtype	3	(ICP3)	(reviewed	in	(44)).

2.3. BSEP / ABCB11 deficiency
PFIC	patients	 presenting	with	 low	GGT	had	 either	mutations	 in	 enzymes	of	 the	 bile	 salt	
synthesis	pathway	(reviewed	in	(32))	or	could	be	further	dissected	into	two	phenotypes	based	
on	transmission	electron	microscopy	of	liver	biopsies	(45,	46).	Patients	had	either	coarsely	
granular	Byler	bile	(36)	or	amorphous	canalicular	bile	(45).	Furthermore,	these	types	of	bile	
could	 also	 be	 recognized	 in	 groups	 of	BRIC	patients.	With	 the	 use	 of	 positional	 cloning	
strategy,	the	disease	locus	of	one	group	of	PFIC	patients	was	mapped	to	chromosome	2q24	
and	 it	 was	 discovered	 that	 patients	 who	 presented	 with	 amorphous	 canalicular	 bile	 had	
mutations in BSEP	 (Table	1).	This	disease	was	named	PFIC	subtype	2	 (PFIC2)	and	 later	
renamed	BSEP	deficiency	(47).	BSEP	is	exclusively	expressed	in	hepatocytes	and	localized	
at	the	canalicular	plasma	membrane	(48).	Cholestasis	in	BSEP	deficiency	is	caused	by	the	
inability	of	hepatocytes	to	execrete	bile	salts	 into	the	bile	canaliculus.	Mutations	in	BSEP 
present	with	a	phenotypic	spectrum	of	disease	causing	both	PFIC2	and	BRIC2	(47,	49).	Also	
heterozygous	mutations	in	BSEP	are	reported	in	cases	of	ICP	(50,	51).

2.4. FIC1 / ATP8B1 deficiency
PFIC	 and	BRIC	 patients	who	 phenotypically	 presented	with	 low	GGT	 serum	 levels	 and	
coarsely	granular	bile	in	a	group	of	PFIC	and	BRIC	patients	segregated	with	markers	of	the	
18q21	chromosomal	locus	(Table	1).	18q21	was	the	first	chromosomal	locus	identified	to	be	
associated	with	PFIC	and	BRIC	(52,	53).	With	use	of	positional	cloning	strategies,	ATP8B1 
(formerly	FIC1)was	 identified	as	 the	gene	mutated	 in	BRIC1,	PFIC1,	Greenland	Familial	
Cholestastis	(GFC)	and	also	in	several	women	with	ICP	(54-57).	Because	the	ATP8B1 gene 
locus	was	the	first	locus	found	to	be	associated	with	BRIC/PFIC	it	was	named	PFIC	subtype	
1	 (or	BRIC1)	 disease.	 PFIC1	 is	 characterized	 by	 permanent	 cholestasis	 resulting	 in	 liver	
damage,	while	BRIC1	 is	 characterized	by	 intermittent	 cholestasis,	with	no	 liver	 scarring.	
Today, it is understood that these diseases represent a clinical continuum (58) and are 
collectively	referred	to	as	ATP8B1	deficiency.	In	the	liver,	the	ATP8B1	protein	is	expressed	
at	 the	 canalicular	 membrane	 of	 hepatocytes	 and	 cholangiocytes	 (59).	After	 more	 than	 a	
decade	following	the	identification	of	the	first	mutation	in	the	ATP8B1 gene, it is currently 
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still	not	clear	how	mutations	in	ATP8B1 mechanistically result in intrahepatic cholestasis. 
ATP8B1	belongs	to	the	family	of	P4 P-type ATPases (P4	ATPases)	(60),	which	are	putative	
aminophopholipid	transporters	and	are	thought	to	maintain	the	asymmetrical	distribution	of	
phospholipids	(Figure	3).	Hypotheses	on	the	disease	pathogenesis	of	ATP8B1	deficiency	are	
discussed	in	the	next	paragraph.
Based	 solely	 on	 clinical	 parameters	 it	 is	 hard	 to	 discern	ATP8B1	 deficiency	 from	BSEP	
deficiency.	Transmission	electron	microscopy	and	detection	of	BSEP	with	a	specific	antibody	
on	liver	biopsies	can	discern	between	these	two	syndromes.	Molecular	biological	tools	are	
presently	also	available	to	diagnose	either	ATP8B1	or	BSEP	deficiency.	Furthermore,	recent	
advances	in	our	knowledge	and	understanding	of	the	extraheptic	symptoms	(see	section	3	
of	this	chapter)	in	patients	with	ATP8B1	deficiency	may	lead	to	development	of	additional	
tools,	such	as	hearing	tests,	to	diagnose	ATP8B1	or	BSEP	deficiency.	

Currently	 there	 are	 limited	 medical	 treatment	 options	 for	ATP8B1-,	 BSEP-	 and	 MDR3	
deficiency.	A	successful	therapy	should	target	bile	composition	and	bile	flow	and	preferably	
should	have	anti-cholestatic,	anti-fibrotic	and	anti-neoplastic	effects	(reviewed	in	(61)).	Most	
patients	with	ATP8B1,	BSEP	or	MDR3	deficiency	eventually	need	surgical	intervention	such	
as biliary diversion or liver transplantation.

In	summary;	specific	defects	 in	 the	ATP8B1, BSEP, and MDR3	genes	are	 responsible	 for	
distinct	PFIC	phenotypes.	These	findings	have	confirmed	the	autosomal	recessive	inheritance	
of	these	diseases	and	now	provide	specific	diagnostic	tools	for	children	presenting	with	PFIC	
or	BRIC.	Treatment	options	are	limited	and	disease	outcome	of	these	syndromes	is	generally	
poor.

3. Pathophysiology of ATP8B1 deficiency

3.1. Clinical presentation of ATP8B1 deficiency
ATP8B1	 deficiency	 is	 an	 autosomal	 recessive	 cholestasis	 syndrome	 caused	 by	mutations	
in the ATP8B1	 gene	which	present	 in	a	clinical	 continuum.	During	a	cholestatic	episode,	
patients	with	ATP8B1	deficiency	present	with	high	serum	bile	salt	levels,	low	GGT	activity	
in	 serum,	 pruritis	 and	 often	 jaundice	 (Table	 1).	 Interestingly,	 ATP8B1	 deficiency	 also	
presents	with	extraheptic	features,	such	as	sensorineural	hearing	loss,	persistent	short	stature,	
abnormal	sweat	composition,	pancreatitis	and	diarrhea	(62-68).	The	extrahepatic	symptoms	
of	ATP8B1	deficiency	are	explained	by	the	extrahepatic	expression	of	the	ATP8B1	protein.	
More	 specifically,	 ATP8B1	 is	 expressed	 at	 canalicular	 membranes	 of	 hepatocytes	 and	
cholangiocytes	and	at	the	apical	plasma	membrane	of	other	polarized	cells	such	as	cochlear	
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hair cells, pancreatic acinar cells and enterocytes (59, 67, 69, 70) (Chapter 5). Importantly, 
ATP8B1	 is	 even	more	 abundantly	 expressed	 in	 the	 gastrointestinal	 tract	 compared	 to	 its	
expression	 in	 the	 liver.	 The	 pathophysiologic	 mechanism	 underlying	 cholestasis	 and	 the	
manifestation	of	extrahepatic	symptoms	is	still	not	entirely	clear,	and	subject	of	debate.

3.2. ATP8B1 is a putative aminophospholipid translocase
ATP8B1	 belongs	 to	 the	 family	 of	 P4	 ATPases,	 also	 called	 flippases.	 Drs2p,	 a	 yeast	 P4 
ATPase,	was	recently	purified	and	reconstituted	into	proteoliposomes	and	shown	to	possess	
aminophospholipid translocase activity (71). Biological membranes have an asymmetric 
distribution	of	phospholipids	with	sphingomyelin	(SM)	and	phosphatidylcholine	(PC)	enriched	
in	the	outer	or	exoplasmic	leaflet	and	phosphatidylserine	(PS)	and	phosphatiylethanolamine	
(PE)	enriched	in	the	inner	or	cytosolic	leaflet	(Figure	3).	P4 ATPases are thought to maintain 
the	 asymmetric	 distribution	 of	 phospholipids	 by	 transporting	 PS	 and	 PE	 from	 the	 outer	
external	leaflet	of	the	membrane	to	the	inner	cytosolic	leaflet	(Figure	3).	P4	ATPase	functions	
are	extensively	discussed	in	Chapter	2	of	this	thesis.	
There	are	indications	that	ATP8B1	might	be	a	PS	flippase	and	that	it	functions	to	maintain	
the	asymmetrical	distribution	of	phospholipids	by	translocation	of	PS	from	the	outer	to	the	
inner	leaflet	of	the	apical	plasma	membrane.	First,	in	bile	of	patients	with	ATP8B1	deficiency	
a	 relatively	 high	 concentration	 of	 PS	 in	 bile	 is	 found	 compared	 to	 control	 samples	 (72).	
In	addition,	PS	is	found	in	 the	bile	of	ATP8B1-deficient	mice	upon	taurocholate	 infusion,	
whereas	no	PS	is	found	in	the	bile	of	control	mice	(73).	This	suggests	that	there	are	relatively	
high	 amounts	 of	 PS	 present	 in	 the	 outer	 leaflet	 of	 the	 canalicular	 membrane.	 Second,	
fluorescently-labelled	 PS	 is	 transported	 from	 the	 exoplasmic	 to	 the	 cytoplasmic	 plasma	
membrane	leaflet	in	UPS-1	cells	transfected	with	human	ATP8B1	cDNA	(74,	75).

PCSM

PE PIPS

Outer lea�et

Inner lea�etInner lea�et

ATP8B1

Figure 3. Putative function of ATP8B1.
ATP8B1	belongs	to	the	family	of	P4	P-type	ATPases,	which	are	presumed	to	translocate	(amino)phospholipids	from	the	outer	external	
leaflet	plasma	membrane	leaflet	to	the	inner	cytosolic	membrane	leaflet.
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3.3. Hypotheses on ATP8B1 disease pathophysiology
Although	 unclear	 at	 present,	 there	 are	 several	 hypotheses	 potentially	 explaining	 how	 the	
lack	of	ATP8B1	function	and	the	consequent	impairment	of	the	asymmetric	distribution	of	
aminophospholipids	 contribute	 to	 cholestasis	 and	 the	 extrahepatic	 symptoms	 observed	 in	
patients	with	ATP8B1	deficiency.	

3.3.1. ATP8B1 affects the detergent resistance of the canalicular membrane
It	 has	 been	 proposed	 by	 Paulusma	 and	 colleagues	 that	 the	 asymmetric	 distribution	 of	
aminophospholipids	 in	 the	 canalicular	 membrane	 of	 the	 hepatocyte	 ensures	 efficient	
packaging	of	 lipids	 in	 a	 ‘liquid	ordered’	 state	 and	 thus	makes	 this	membrane	 resistant	 to	
the	 detergent	 effects	 of	 bile	 salts	 in	 the	 canaliculus	 (73).	 ATP8B1	 deficiency	 therefore	
renders	the	canalicular	membrane	sensitive	to	the	detergent	actions	of	bile	salts.	Amongst	
others,	this	would	lead	to	extraction	of	cholesterol	from	the	canalicular	membrane.	This	may	
subsequently	lead	to	cessation	of	canalicular	bile	salt	transport	and	consequently	to	absence	
of	bile	flow	(see	also	3.3.3).	
A	mouse	model	for	ATP8B1	deficiency,	the	Atp8b1G308V/G308V knock-in mouse, displays very 
mild	cholestasis	with	no	liver	scarring,	in	contrast	to	humans	with	the	G308V	mutation	in	
ATP8B1	(76,	77).	It	is	thought	that	this	is	due	to	the	fact	that	mice	have	a	more	hydrophilic	
bile	salt	pool	than	men.	Mice	produce	β-muricholic	acid	which	is	a	more	hydrophilic	bile	salt	
than	CDCA	and	CA.	Hydrophilic	bile	salts	are	less	efficient	detergents	compared	to	more	
hydrophobic	bile	salts,	which	would	explain	the	mild	cholestasis	observed	in	the	Atp8b1G308V/

G308V	mice.	Cholestasis	is	induced	in	this	mouse	model	by	feeding	these	mice	CA.	CA-fed	
Atp8b1G308V/G308V	mice	also	have,	next	to	increased	PS	levels,	also	enhanced	sphingomyelin	
and	cholesterol	concentrations	in	bile	(73);	an	observation	that	would	be	consistent	with	the	
model	put	forward	by	Paulusma	and	colleagues.	Indeed,	when	Atp8b1G308V/G308V	mice	were	
crossed	with	Abcg8-/-	mice,	which	lack	functional	expression	of	the	heterodimeric	canalicular	
cholesterol	exporter	ABCG5/G8,	cholesterol	concentrations	in	bile	were	elevated,	indicating	
that	 the	elevated	cholesterol	 is	 likely	ascribed	 to	enhanced	extraction	from	the	membrane	
(78). 
Combined,	these	data	in	mice	suggest	that	the	hydrophobicity	of	the	bile	salt	pool	and	genetic	
background	(76,	77)	forms	an	important	parameter	determining	the	severity	of	the	cholestasis	
observed	in	this	disorder.	When	translated	to	humans	with	ATP8B1	deficiency,	the	existence	
of	 genetic	modifier	 loci	 of	 the	ATP8B1	 phenotype	may	 explain	 the	 varying	 severity	 and	
nature	of	disease	manifestation	between	patient	with	ATP8B1	deficiency	diagnosed	with	the	
same ATP8B1 mutations (68, 77)

3.3.2. ATP8B1 affects FXR activation 
It	was	first	proposed	by	Chen	et al (79) and Alvarez et al (80) that ATP8B1 pathophysiology 
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could	be	the	result	of	reduced	FXR	activation.	These	studies	reported	reduced	FXR	target	
gene	 expression	 in	 ileal	 and	 liver	 biopsies	 of	 ATP8B1	 deficient	 patients	 compared	 to	
controls. They	proposed	a	model	in	which	the	asymmetric	distribution	of	phospholipids	at	the	
canalicular	membrane	would	confer	a	signal	to	activate	FXR.	In	more	detail,	it	was	proposed	
that	ATP8B1	is	important	for	the	activation	of	FXR	by	stimulating	FXR	translocation	to	the	
nucleus	via	protein	kinase	C-ζ	 (PKCζ)	signalling	 (81).	The	disturbance	of	 the	asymmetry	
of	 the	 canalicular	 membrane	 secondary	 to	ATP8B1	 deficiency	 would	 lead	 to	 inefficient	
nuclear	translocation	of	FXR,	resulting	in	dysfunction	of	FXR,	and	dysregulated	FXR-target	
gene	expression.	This	subsequently	leads	to	derepressed	bile	salt	synthesis	and	import	due	
to	increased	CYP7A1,	CYP8B1,	NTCP	and	OATPs	expression	because	SHP	expression	is	
not	induced	by	FXR.	Next,	dysfunctional	FXR	leads	to	reduced	bile	salt	excretion	because	
BSEP	expression	is	not	induced.	Together	this	may	eventually	result	in	cholestasis.	Such	a	
model	is	attractive,	since	it	would	place	ATP8B1,	FXR,	BSEP	and	bile	salt	synthesis	in	one	
single	regulated	pathway,	and	might	form	an	explanation	for	the	somewhat	similar	disease	
phenotypes	observed	in	patients	with	mutations	in	BSEP	and	ATP8B1.	It	would	also	be	an	
attractive	model	in	the	context	of	anti-cholestatic	therapy.	In	fact,	this	model	would	suggest	
that	the	cholestasis	in	ATP8B1	deficiency	could	be	ameliorated	by	activation	of	FXR	using	
synthetic	FXR	 ligands.	Currently, Phase	1	and	2	 studies	with	 synthetic	FXR	agonists	 are	
being	performed	in	patients	with	metabolic	and	chronic	liver	diseases,	indicating	their	safe	
applicability	for	treatment	of	human	disease	(82).
However,	some	of	the	data	on	which	this	hypothesis	is	based	are	controversial	and	have	been	
contradicted by others (73, 76, 83-85). Firstly,	Fxr	target	gene	expression	and	signalling	was	
intact	 in	 intestines	of	Atp8b1G308V/G308V mutant mice (76, 85). Secondly, Cai et al. reported 
unaffected	FXR	signalling	in	ATP8B1-depleted	Caco2	cells	(83).	Thirdly, it should be noted 
that	expression	of	FXR	and	FXR	target	genes	was	also	decreased	in	liver	biopsies	of	PFIC2	
patients	 and	 in	 a	patient	with	biliary	atresia	 (84),	 suggesting	 that	FXR	downregulation	 is	
secondary to cholestasis.
Future	 research	 should	 address	 the	validity	of	 this	 hypothesis,	 and	unravel	 the	molecular	
mechanisms.

Importantly,	the	hypotheses	put	forward	by	Paulusma	(3.3.1),	Chen	and	Alvarez	(3.3.2)	do	not	
explain	the	extrahepatic	symptoms	observed	in	ATP8B1	deficiency.	The	detergent	resistance	
hypothesis	cannot	account	for	the	progressive	hearing	loss,	pancreatitis,	growth	retardation	
and	 sweat	 composition	 abnormalities	 observed	 in	ATP8B1	 deficient	 patients,	 since	 these	
symptoms	manifest	in	tissues	that	are	generally	not	exposed	to	high	concentrations	of	bile	
salts.	Similarly,	reduced	FXR	activity	could	explain	cholestasis	and	the	intestinal	symptoms	
of	ATP8B1	 deficiency,	 but	 is	 not	 suited	 to	 explain	 the	 hearing	 loss	 in	ATP8B1	 deficient	
patients	and	mice,	since	FXR	and	its	target	genes	are	not	expressed	in	the	cochlea	and	have	no	
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(obvious)	physiological	role	there.	Therefore,	a	comprehensive	model	for	the	pathophysiology	
of	ATP8B1	 deficiency	 should	 take	 into	 account	 the	 extrahepatic	 features	 of	 the	 disease.	
ATP8B1	is	abundantly	expressed	in	most	epithelial	cell	types	with	highly-specialized	apical	
plasma	membrane	domains.	The	cholestasis	and	extrahepatic	features	observed	in	ATP8B1	
deficient	patients	are	indeed	all	consistent	with	the	notion	that	ATP8B1	plays	an	important	
general	role	at	apical	plasma	membranes	of	epithelial	cells.	The	hypotheses	described	below	
are	based	on	such	a	general	role	of	ATP8B1	in	apical	membranes	and	are	applicable	to	both	
the	cholestasis	and	the	extrahepatic	symptoms	observed	in	ATP8B1	deficiency.

3.3.3. ATP8B1 affects functioning of other transporters present in the apical plasma 
membrane
A third hypothesis on ATP8B1 pathophysiology envisions that plasma membrane resident 
transporter	proteins	need	a	specific	lipid	environment,	the	asymmetric	distribution	of	lipids,	to	
function	properly.	It	has	been	reported	that	the	amount	of	cholesterol	in	the	plasma	membrane	
modulates	transporter	characteristics	of	ASBT	and	BSEP,	of	other	transporters,	channels	and	
receptors	 (86-90).	The	amount	of	cholesterol	 in	 the	plasma	membrane	 is	dependent	upon	
the	aminophospholipid	composition	in	the	plasma	membrane	(91,	92).	Therefore	with	this	
hypothesis,	 the	 cholestasis	 of	ATP8B1	 deficiency	 might	 be	 explained	 by	 reduced	 BSEP	
activity,	the	sweat	composition	abnormality	and	pancreatitis	by	reduced	CFTR	function,	the	
malabsorption	by	reduced	function	of	intestinal	transporters,	and	the	progressive	hearing	loss	
by	reduced	function	of	a	cochlear	hair	cell	calcium	transporter;	cholestasis	and	extrahepatic	
symptoms	are	all	secondary	to	a	loss	of	phospholipids	asymmetry	in	apical	membranes	in	
this model (90, 93, 94).

3.3.4. ATP8B1 affects intracellular signalling cascades
A	fourth	hypothesis	 relates	 the	 function	of	ATP8B1	 to	 intracellular	 signal	 transduction.	 It	
is	 becoming	 increasingly	 clear	 that	 many	 intracellular	 signalling	 transduction	 pathways	
originate	 at	 the	 plasma	 membrane,	 involve	 specific	 signalling	 lipids,	 and	 require	 the	
(transient)	 localization	 of	 signalling	 protein	 complexes	 to	 the	 cytosolic	 leaflet	 of	 cellular	
membranes.	Regulation	of	intracellular	signalling	therefore	requires	careful	homeostasis	of	
membrane	composition.	The	role	of	ATP8B1	in	this	process	is	currently	mostly	hypothetical.	
PS	 and	 phosphatidic	 acid	 are	 the	 only	 two	 phospholipids	 with	 a	 net	 negative	 charge	 on	
their	headgroups.	Amongst	others,	PS	 is	necessary	 to	activate	most	of	 the	PKC	isozymes	
(95).	PKC	adheres	to	the	plasma	membrane	by	its	C2	domain	which	specifically	interacts	
with	PS.	Also	other	proteins	with	PKC-like	C2	domains	adhere	 to	 the	plasma	membrane.	
Furthermore,	 PS	 is	 negatively	 charged	 and	 therefore	 it	 electrostatically	 attracts	 proteins	
to	 the	 plasma	membrane	which	have	 stretches	 of	 positive	 charged	 amino	 acids	 (96-100).	
Loss	 of	 aminophospholipid	 asymmetry	 due	 to	ATP8B1	 deficiency	 potentially	 influences	



C
ha

pt
er

 1

ATP8B1 deficiency: a familial intrahepatic cholestasis syndrome

29

the	spatial	and	temporal	availability	of	PS	at	the	cytosolic	leaflet	of	the	plasma	membrane.	
Consequently,	 this	could	 result	 in	altered	 intracellular	signalling	cascades,	 including	PKC	
signalling.	Reduced	PKCζ	signalling	correlating	to	residual	ATP8B1	function	was	proposed	
by Frankenberg et al (81).	At	 this	 point	 it	 is	 completely	 unclear	 how	 such	 alterations	 in	
intracellular	signalling	are	mechanistically	linked	and	how	this	could	contribute	to	the	disease	
phenotype	in	ATP8B1	deficiency.

3.3.5. ATP8B1 has an important role in the structure of the apical plasma membrane
A	fifth	and	final	hypothesis	proposes	a	pivotal	function	of	ATP8B1	in	the	maintenance	of	the	
structure	of	the	apical	plasma	membrane.	This	hypothesis	is	based	on	several	independent	
observations.	Electron	microscopy	of	liver	biopsies	from	patients	with	ATP8B1	deficiency	
showed	‘coarse	granular	bile’,	shortened	hepatocyte	microvilli,	filamentous	packaging	and	
disruption	of	the	bile	canalicular	membrane	(45).	The	hepatocyte	canalicular	microvilli	of	
Atp8b1G308V/G308V	mutant	mice	are	 lost	upon	feeding	of	 these	mice	with	CA	(73).	A	similar	
observation	was	made	in	rat	hepatocytes	in	which	Atp8b1	was	knocked	down	(83).	Canalicular	
microvilli	were	present	in	these	cells	but	lost	upon	incubation	with	CDCA.	Interestingly,	the	
ATP8B1	protein	is	localized	in	the	stereocilia	of	cochlear	hair	cells	and	atrophy	of	stereocilia	
and	cochlear	hair	cells	is	observed	with	increasing	age	in	Atp8b1G308V/G308V mutant mice (67), 
consistent	with	progressive	hearing	loss	in	these	mice	and	in	patients	with	ATP8B1	deficiency.	
Together this suggests that ATP8B1 plays an important role in maintenance and integrity 
of	microvillus	and	cilia	(-like)	structures	at	the	apical	plasma	membrane	of	polarized	cells	
types.	As	yet	we	do	not	know	how	ATP8B1	confers	structural	stability	to	the	apical	plasma	
membrane.	Disturbance	of	aminophospholipid	asymmetry	could	reduce	efficient	packaging	
of	 phospholipids	 in	 the	membrane.	 Secondly,	ATP8B1	may	 act	 as	 a	 scaffold	 protein	 for	
structural	components	which	provide	structural	stability	to	the	apical	plasma	membrane.	
Finally,	it	is	important	to	note	that	these	five	hypotheses	described	above	may	not	be	mutually	
exclusive.

In	 summary,	we	 outlined	 here	 the	 current	 knowledge	 on	ATP8B1	 function	 in	 relation	 to	
the	pathophysiology	of	ATP8B1	deficiency.	As	many	questions	remain	unsolved,	there	is	a	
demand	for	further	research	into	ATP8B1	protein	function	and	the	pathogenesis	of	cholestasis	
and	extrahepatic	features	in	ATP8B1	deficiency.
This	may	eventually	lead	to	novel	approaches	to	improve	clinical	management	of	patients	
with	ATP8B1	deficiency	in	particular,	and	other	familial	and	acquired	cholestasis	syndromes	
in general. 
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Abstract 

P4	ATPases	 form	a	 specialized	 subfamily	of	P-type	ATPases	and	have	been	 implicated	 in	
phospholipid	 translocation	 from	 the	 exoplasmic	 to	 the	 cytoplasmic	 leaflet	 of	 biological	
membranes.	 Pivotal	 roles	 of	 P4	 ATPases	 are	 demonstrated	 in	 eukaryotes,	 ranging	 from	
yeast,	fungi	and	plants	to	mice	and	humans.	P4	ATPases	might	exert	their	cellular	functions	
by	 combining	 enzymatic	phospholipid	 translocation	 activity	with	 an	 enzyme	 independent	
action.	The	latter	could	be	involved	in	the	timely	recruitment	of	proteins,	involved	in	cellular	
signalling,	vesicle	coat	assembly	and	cytoskeleton	regulation.	In	this	review	we	outline	the	
current	knowledge	on	the	cellular	functions	of	P4 ATPases in the eukaryotic membrane.
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1. Introduction to P4 ATPases

1.1. Membrane lipid asymmetry and P4 ATPases
Biological	membranes	exist	of	amphipahatic	lipid	molecules	that	self-assemble	into	bilayers	
in	 an	 aqueous	 environment	 due	 to	 their	 intrinsic	 property	 of	 a	 hydrophilic	 headgroup	
and	a	 lipophilic	 tail.	The	main	 lipid	species	of	cellular	membranes	 in	eukaryotic	cells	are	
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and 
phosphatidylinositol	(PI)	which	belong	to	the	group	of	glycerophospholipids.	Other	major	
classes	of	lipids	are	sphingomyelin	(SM)	and	glycerosphingolipids,	which	belong	to	the	class	
of	the	sphingolipids	(1).	
In	 the	 early	 1970’s	 it	 was	 discovered	 that	 the	 lipid	 bilayers	 of	 biological	 membranes	
display	a	striking	asymmetric	distribution	of	lipids,	including	phospholipids	(2).	Along	the	
secretory	and	endosomal	pathway	there	is	a	distribution	gradient	of	phospholipids	in	a	non-
random,	 asymmetrical	manner.	 Phospholipids	 in	 the	 two	 hemileaflets	 of	 the	 endoplasmic	
reticulum	(ER)	membrane	are	symmetrically	distributed,	while	the	lipids	in	the	Golgi	and	
the plasma membrane adopt an asymmetrical distribution. PS, PE, and PI are enriched at the 
cytosolic	leaflet	of	the	plasma	membrane	and	internal	organelles,	while	lipids	such	as	SM,	
PC	and	glycosphingolipids	 face	 the	 lumenal	or	outer	 leaflet.	Furthermore	 there	 is	 a	 steep	
sterol	 gradient	 across	 the	 secretory	pathway,	 cholesterol	 is	 highly	 enriched	 in	 the	 plasma	
membrane	compared	to	the	abundance	of	this	lipid	in	the	ER.	It	is	thought	that	the	enrichment	
of	cholesterol	in	the	plasma	membrane	facilitates	the	dense	packaging	of	lipids	creating	an	
impermeable lipid bilayer.
While	lipids	can	freely	diffuse	in	the	lateral	plane	of	the	membrane,	transverse,	or	flip-flop,	
movement	of	lipids	in	the	plasma	membrane	is	very	slow	(t1/2=	hours	to	days)(1).	How	is	the	
asymmetrical	distribution	of	phospholipids	then	created	and	maintained	in	eukaryotes?	For	
this	purpose,	eukaryotic	cells	evolved	an	elaborate	set	of	proteins,	which	are	divided	 into	
three	classes.	The	first	class	of	proteins	are	 the	phospholipid	scramblases	which	 facilitate	
a	 non-lipid-specific	 transverse	movement	 of	 phospholipids	 in	 either	 direction	 (3,	 4).	The	
second	 class	 of	 proteins	 are	 the	ABC-transporters	 or	 so	 called	 ‘floppases’.	 This	 protein	
family	facilitates	the	transbilayer	movement	of	phospholipids,	also	called	‘flop’,	from	inner	
cytosolic	to	outer	or	lumenal	leaflet	at	the	expense	of	ATP	(reviewed	in	(5)).	
The	third	class	of	proteins	that	facilitate	transverse	transport	of	phospholipids	across	biological	
membranes	 are	 the	 aminophospholipid	 translocases	 or	 ‘flippases’	 and	 the	 subject	 of	 this	
review.	In	the	1980’s	a	series	of	papers	was	published	on	the	biochemical	identification	of	an	
aminophospholipid translocase (APLT) activity in the human erythrocyte plasma membrane 
(6-8)(Figure	1).	Later	on	this	activity	could	also	be	demonstrated	in	membranes	of	bovine	
intracellular	chromaffin	granules,	which	was	attributed	to	a	protein	named	ATPase	II	(13).	
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The	APLT	activity	in	these	studies	is	responsible	for	the	translocation	of	PS	and	PE	but	not	
PC	from	the	external	(or	luminal)	leaflet	of	the	plasma	membrane	to	the	inner	(or	cytosolic)	
leaflet	 in	 an	ATP	 dependent	manner.	 In	 the	 1990’s	 the	 first	 paper	 on	 reconstituted	APLT	
activity	purified	from	human	erythrocyte	membranes	was	published	(9)(Figure	1).	Since	the	
biochemical	discovery	of	APLT	activity,	the	molecular	identity	of	the	translocase	remained	
elusive	 for	over	a	decade	until	Tang	et al	purified	 the	ATPase	 II	protein	 from	chromaffin	
granules,	determined	part	of	the	amino	acid	sequence	(12)	and	used	this	information	to	clone	
the	full	length	bovine	ATPase	II	cDNA	(Figure	1).	They	discovered	that	this	bovine	protein	is	
a	member	of	a	previously	unrecognized	subfamily	of	P-type	ATPases	(see	next	section),	now	
known	as	P4 ATPases (15). Tang et al	used	the	ATPase	II	sequence	to	search	for	homologous	
genes.	This	search	identified	amongst	others	DRS2, and Tang et al then demonstrated that 
a	ΔDrs2	strain	appeared	markedly	deficient	in	translocase	activity	of	fluorescently	labelled	
PS	across	 the	plasma	membrane.	Together,	 these	data	demonstrated	 for	 the	first	 time	 that	
APLT	activity	is	a	highly	conserved	function	of	 the	P4	ATPase	family.	Subsequently,	Bull	
and	colleagues	were	the	first	to	link	genetic	mutations	in	a	human	P4 ATPase to an inherited 
disease	 in	 humans	 (Figure	 1).	To	 date,	many	 researchers	 have	 provided	 evidence	 for	 the	
important	 role	 or	 roles	 of	 this	 class	 of	 proteins	 in	 a	 plethora	 of	 organisms,	 ranging	 from	
plants, yeast and nematodes to humans (10, 16-21). 

1970 1980 1990 2000 2010

1972 
Discovery of asymmetric 
distribution of 
phospholipids across the
 two lea�ets of biological 
membranes (2) 

1984, ‘85, ’86 
Biochemical characterization 
of aminophospholipid 
translocase (6, 7, 8) 

1989 
First paper on 
internal organelles 
having APLT activity 
(13) 

1998 
First paper linking a 
P   ATPase to an
inherited human 
disease (10) 

4

1994 
First report on puri�ed 
APLT from erytrocyte 
membranes and 
reconstitution in 
liposomes (9) 

 2009 
First paper on puri�cation 
and reconstitution of a 
yeast P   ATPase in 
proteoliposomes (11, 14)

4 

1996 
Genetic evidence 
delivered that P 
ATPases could be 
the long sought 
APLT enzymes (12)

4 

Figure 1. Historical overview of P4 ATPase research: from biochemical identification of APLT activity to cloning and 
reconstitution of P4 ATPases.
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1.2. Phenotypes associated with P4 ATPase dysfunction
Through	knock	down	and	knock	out	experiments	and	by	characterizing	the	effects	of	genetic	
mutations in P4 ATPases, aberrant P4	ATPase	function	has	been	studied	in	different	organisms.	
Here,	 we	 describe	 the	 various	 phenotypical	 consequences	 of	 P4	 ATPase	 deficiencies.	
Consequences at the molecular and cellular level are described in section 4. 
Lyssenko et al	have	systematically	investigated	expression	and	developmental	function	of	the	
six	P4 ATPase genes encoded in the Caenorhabditis elegans (C. elegans) genome, called tat-1 
through 6. From these genes, tat-5	is	the	only	ubiquitously-expressed	essential	P4 ATPase. 
Tat-1 through 4 are individually dispensable, though seem to be only partly redundant as they 
become	essential	when	the	worms	are	metabolically	challenged	(18).	
Similar	studies	have	been	performed	in	yeast.	From	the	five	P4 ATPase genes, only 
NEO1	(the	name	refers	to	its	identification	in	a	screen	for	genes	that	confer	resistance	to	the	
aminoglycoside	neomycin)	was	reported	to	be	an	essential	gene	(22).	The	quadruple	mutant	
lacking	the	four	other	yeast	P4	ATPases	is	inviable,	although	any	one	member	of	this	group	
can	maintain	 viability,	 indicating	 that	 there	 is	 a	 functional	 overlap	 between	 the	 encoded	
proteins	(23).	However,	evidence	is	accumulating	that	some	of	the	P4	ATPases	also	perform	
more	specialized	functions	(see	below).	Redundancy	amongst	the	P4	ATPases	is	often	partial	
and	depends	on	the	readout,	making	studies	on	the	function(s)	of	these	proteins	difficult	and	
hard	 to	 interpret.	The	requirement	of	P4 ATPases is determined under various challenging 
conditions,	 including	 the	 presence	 of	 antibiotics,	 heavy	 metals	 and	 cytolytic	 chemicals	
(20,	 22,	 24).	 Furthermore,	 several	 screens	 have	 been	 performed	 that	 show	 the	 essential	
role	of	specific	P4	ATPases	when	other	genes	are	knocked	out	(synthetic	lethality)(see	later	
on).	Although	 the	 underlying	mechanisms	 are	 not	 always	 understood,	 these	 studies	 have	
elucidated	pathways	in	which	P4	ATPases	are	involved	(see	section	4).	Below	we	discuss	the	
distinct	roles	of	selected	P4	ATPases	in	organisms	grown	at	reduced	temperature,	in	polarized	
growth	and	describe	P4 ATPase related phenotypes in mice and men. 

1.2.1. Cold sensitivity
ΔDrs2	cells	exhibit	a	cold	sensitive	growth	phenotype	(16,	22,	23).	These	strains	are	viable	
at	 temperatures	 above	 23	 °C,	 but	 fail	 to	 grow	 at	 temperatures	 below	 18	 °C.	 Similarly,	
ΔDnf1ΔDnf2	double	mutant	yeast	cells	show	a	cold	sensitive	growth	defect	in	the	biogenesis	
of	endocytic	vesicles	(20).	Drs2	mutants	were	also	discovered	in	a	screen	for	genes	essential	
under high pressure conditions (25). Abe et al suggest	that	the	cold	and	high	pressure	growth	
defect	of	Drs2	mutants	are	due	to	severe	intracellular	trafficking	defects	(25).	Interestingly,	
cold-sensitive	growth	defects	related	to	aberrant	P4	ATPase	function	have	also	been	observed	
in higher eukaryotes. Arabidopsis thaliana (A. thaliana)	with	an	Aminophospholipid	ATPase	
1 (ALA1)	 mutation	 had	 a	 significantly	 reduced	 size	 when	 grown	 in	 a	 cold	 environment	
compared	to	wild	type	plants.	Furthermore	transformation	of	ALA1	into	yeast	ΔDrs2 mutants 
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rescued	 the	 cold	 sensitive	 phenotype	 of	 these	 mutants	 (26).	 Cold	 sensitivity	 was	 also	
observed	with	a	newly-identified	mouse	P4 ATPase FetA (27). Xu et al	identified	FetA	as	a	
testis-specific	expressed	P4	ATPase	with	43%	amino	acid	identity	to	Atp8b3,	which	is	also	
a	testis	specific	expressed	P4 ATPase in mouse and humans. FetA localized at the acrosomal 
ridge	which	 is	a	specialized	membranous	region	derived	from	the	Golgi	 in	spermatocytes	
(27).	RNAi-mediated	knock	down	of	FetA	in	mouse	P815	cells	resulted	in	abnormal	Golgi	
structures	when	cells	were	cultured	at	33ºC	,	but	not	at	37°C	(27).	These	observations	suggest	
that several P4	ATPases	have	specific	essential	functions.	

1.2.2 Polarized growth 
In	yeast,	growth	of	the	bud	tip	is	a	tightly	regulated	process.	During	normal	bud	tip	growth	
PE	becomes	temporarily	exposed	in	the	outer	leaflet	of	the	bud	tip	membrane.	Both	Dnf1p	
and	Dnf2p	 localize	at	 the	sites	of	polarized	growth	of	 the	bud	 tip	and	are	 responsible	 for	
PE	flip	at	the	bud	tip	site	(20,	23,	28,	29).	Saito	et al	described	that	the	effect	of	PE	flippase	
activity	in	polarized	growth	is	mediated	by	Cdc42	(30),	a	known	regulator	of	polarized	bud	
growth	in	S. cerevisiae	(31).	Cdc42	is	recruited	to	the	site	of	bud	growth	by	a	RAS	family	
GTPase	and	activated	there	by	its	GTP	exchange	factor	(GEF)	Cdc24.	Activated	Cdc42-GTP	
leads	to	rearrangements	of	the	actin	cytoskeleton	and	to	growth	of	the	bud	tip	by	polarized	
delivery	 of	 cellular	 components.	 Cdc42-GTP	 hydrolysis	 is	 regulated	 by	 three	 GTPase	
activating	proteins,	which	are	in	turn	regulated	by	PE	and	PS	in	the	inner	membrane	leaflet.	
Consequently,	a	functional	Dnf1/Dnf2	mutant	shows	prolonged	apical	bud	growth	(30).	
The	 involvement	of	P4	ATPases	 in	polarized	growth	has	 also	been	demonstrated	 in	other	
unicellular	 organisms	 such	 as	 the	 rice	 plant	 pathogenic	 fungus	Magnaporthe grisea (M. 
grisea).	The	fungus	P4 ATPases MgPDE1 and MgAPT1 play an important role in the polarized 
growth	 of	 the	 hyphe	 appressoria	 and	 in	 the	 formation	 of	 exocytic	 vesicles	 respectively	
(32, 33). Also in multicellular eukaryotes, P4	ATPase	dysfunction	can	manifest	as	aberrant	
polarized	growth.	Mutations	in	the	A. thaliana ALA3 gene resulted in reduced pollen tube 
growth,	reduced	primary	root	growth	and	longer	root	hairs.	Mutations	in	ALA3 also resulted 
in	abnormal	morphology	of	trichomes	which	are	plant	epidermal	outgrowths	(34).

1.2.3 P4 ATPase associated diseases in man and mouse
The human P4 ATPases ATP8A2, ATP11A and ATP11B have been anecdotally reported to 
be	 involved	 in	 tumourigenesis	 or	 poor	 outcome	 of	 lung	 transplantation	 patients	 (35-37).	
However,	direct	involvement	of	these	P4 ATPases to disease related processes remains to be 
demonstrated.	To	date,	only	one	of	the	fourteen	human	P4 ATPases has been unequivocally 
related to a disease. Mutations in the ATP8B1 gene cause a hereditary cholestasis syndrome 
which	is	characterized	by	an	impairment	of	bile	flow	from	the	liver	and	various	extrahepatic	
manifestations,	including	diarrhea	and	hearing	loss	(10,	38).	ATP8B1	is	expressed	in	apical	
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membranes	 of	 polarized	 epithelial	 cells,	 including	 hepatocytes,	 pancreatic	 acinar	 cells,	
intestinal	enterocytes	and	cochlear	hair	cells	(39-41).	Cellular	depletion	of	ATP8B1	leads	to	
severe	alterations	in	the	structure	of	the	apical	membrane,	with	degeneration	or	even	loss	of	
microvilli	in	enterocytes	and	hepatocytes,	and	progressive	loss	of	stereocillia	in	the	outer	hair	
cells	of	the	cochlea,	which	can	explain	the	symptoms	in	patients	with	ATP8B1	deficiency.	
Also	see	paragraph	4.2.4	on	the	role	of	P4 ATPases and membrane stability.
In mice additional phenotypes related to aberrant P4	ATPase	function	are	described.	Mouse	
Atp8b3	 is	 localised	 in	 the	acrosomal	 region	of	sperm	cells.	Sperm	cells	of	Atp8b3-/- mice 
have	increased	PS	exposure	in	the	outer	leaflet	and	are	unable	to	release	digestive	enzymes	
and	penetrate	the	zona	pellucida.	This	is	reflected	in	the	smaller	litter	sizes	of	Atp8b3-/- male 
mice (42, 43). 
In mice, Atp10a	(also	referred	as	Atp10c)	is	an	imprinted	gene	which	shows	strong	genetic	
association	with	fat	and	insulin	metabolism	and	the	regulated	uptake	of	glucose	in	adipose	
tissue and skeletal muscle (44). Like Atp10a, Atp10d	is	associated	with	obesity	in	mice	(45).	
The	C57BL/6	mouse	strain	caries	a	stop	codon	 in	exon	12	of	Atp10d. The C57BL6 mice 
are	known	 to	be	prone	 to	obesity	when	 fed	 a	 high	 fat/high	glucose	diet.	Genetic	 linkage	
studies	may	help	 to	clarify	whether	ATP10A or ATP10D also represent susceptibly genes 
for	obesity	in	men.	There	are	a	few	reports	that	link	the	chromosomal	region	15q11-q13,	in	
which	ATP10A	resides,	and	the	imprinting	status	of	this	region	to	autism	spectrum	disorders	
(46-49). 

2. Structural aspects of P4 ATPases

As described above, P4	 ATPases	 play	 an	 important	 role	 in	 many	 if	 not	 all	 eukaryotes.	
Although	 no	 structural	 information	 is	 available	 for	 P4 ATPases, some insight into their 
working	mechanism	can	be	gained	from	data	on	other	P-type	ATPases	(50).	P-type	ATPases	
are	highly	specialized	 transporters	 that	 translocate	a	specific	substrate	across	a	membrane	
at	the	cost	of	ATP	hydrolysis.	Hence	the	name	P-type	ATPase	in	which	the	P	stands	for	the	
transient	phosphorylation	of	a	conserved	aspartyl	residue	during	the	catalytic	cycle.	Based	
on	 sequence	 similarity,	 they	are	divided	 into	5	 families	or	 types:	P1- P5 (Table 1). P-type 
ATPases	adopt	two	main	conformations,	known	as	E1	and	E2	and	pumping	of	a	substrate	can	
be	described	in	terms	of	enzyme	kinetics	and	specifically	as	E1-E2	conformational	changes.	
This	 description	of	 the	 pumping	 cycle	 is	 known	 as	 the	Post-Albers	 cycle	 (Figure	 2)	 (52,	
53).	The	crystal	structures	of	several	P-type	ATPases	 in	various	stages	of	 the	Post-Albers	
cycle	 have	 been	 solved	 over	 the	 years.	Despite	 significant	 sequence	 differences	 between	
these	proteins,	their	structure	is	remarkably	similar	(54).	From	these	crystal	structures	four	
principle	 domains,	 N,	 P,	A	 and	M,	 in	 P-type	ATPases	 with	 distinct	 functions	 have	 been	
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defined	(55)	(Figure	3).	

The	transport	cycle	starts	with	binding	of	a	ligand	to	a	high-affinity	binding	site	buried	deep	
inside	 the	M-domain,	which	 comprises	 the	 8-10	P-type	ATPase	 transmembrane	 spanning	
helixes.	In	E1,	these	sites	are	accessible	to	ions	in	the	cytoplasm.	Upon	ligand	binding,	the	
nucleotide binding domain (N-domain) delivers bound ATP to the phosphorylation domain 
(P-domain),	resulting	in	auto-phosphorylation	of	the	conserved	Aspartyl	(D)	residue	in	the	
DKTGTLT	motif	in	the	P-domain	(Figure	3).	In	the	resulting	E1-P	state,	the	bound	ions	are	
inaccessible	from	either	side	of	the	membrane.	The	P-type	ATPase	then	releases	ADP	and	
shifts	to	an	energetically	more	favourable	conformation	which	is	known	as	E2-P,	whereupon	
a	 pathway	opens	 to	 the	 other	 side	 of	 the	membrane,	 allowing	 the	 ions	 to	 escape	 (Figure	
2).	During	the	conformational	shift	from	E1-P	to	E2-P	the	ligand	is	translocated	across	the	
membrane.	The	actuator	domain	(A-domain)	comprised	in	part	by	a	conserved	TGES	motif	
(or DGET in in P4	ATPases)	 plays	 an	 important	 role	 in	 the	hydrolysis	 of	 phosphorylated	
aspartyl	residue,	resulting	in	the	release	of	inorganic	phosphate	and	a	shift	to	the	E2	state.	
Most,	but	not	all,	P-type	ATPases	counter	transport	a	ligand,	which	is	bound	to	the	enzyme	in	
the	E2	conformation.	The	P-type	ATPase	finally	returns	to	the	E1	conformation	by	releasing	
the	counterligand	and	is	ready	for	a	new	reaction	cycle	(Figure	2	and	3).	Lenoir	and	coworkers	
discussed	this	P-type	transport	cycle	in	relation	to	the	role	of	P4 ATPases in the translocation 
of	phospholipids	from	the	exoplasmic	to	the	cytosolic	leaflet	(50,	56).	They	suggest	that	the	
phospholipid ligand in P4	ATPases	binds	to	the	E2-P	configuration,	in	contrast	to	Ca

2+ in the 
P-type Ca2+-pump Sarcoplasmic reticulum Ca2+-ATPase	(SERCA),	which	binds	to	E1.	This	
is	in	line	with	the	observation	that	the	P4 ATPase ATP8A1 rapidly dephosphorylates upon PS 
addition	(57),	whereas	SERCA	is	phosphorylated	upon	addition	of	Ca2+. 
The	 ligand	 binding	 domains	 of	 cation	 transporting	 P-type	ATPases	 comprise	 negatively-
charged	amino	acid	 residues	 in	 transmembrane	helixes	4	and	6.	 Interestingly,	P4 ATPases 
have	neutral	amino	acids	at	these	positions	(12)	(see	stars	in	Figure	3).	This	could	reflect	an	

P-type ATPase 
family

TCDB 
family

substrate transported kingdom examples 

IA 7 heavy metal transporters and K prokaryotes
IB 5 and 6  prokaryotes and eukaryotes ATP7A, ATP7B
IIA 2 Ca  prokaryotes and eukaryotes SERCA
IIB 2 Ca  prokaryotes and eukaryotes PMCA
IIC 1  Na /K  and H /K  prokaryotes and eukaryotes Na /K -ATPase
IID 9 Na eukaryotes
IIIA 3 H eukaryotes, almost exclusively 

plant and fungi speci�c
H -ATPase

IIIB 4 Mg prokaryotes
IV 8 aminophospholipids eukaryotes ATP8B1, Drs2
V 21-11 ? eukaryotes

heavy metal transporters

2+

+ + ++

+
+ +

+ +

2+
2+

+

Table 1. Overview of P-type ATPase family members.

Classification	of	P-type	ATPases	according	to	Axelsen	and	Palmgren	(15)	(P-type	ATPase	family)	and	according	to	Thever	and	Saier	
(51)	(TCDB	family)	are	indicated.	TCDB,	transporter	classification	database.
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evolutionary	 adaptation	 to	 transport	 phospholipids	 instead	of	 cations,	 although	 it	 remains	
unclear	 where	 P4	 ATPases	 fit	 the	 bulky	 lipid	 and	 the	 headgroup	 translocation	 pathway.	
Incidentally,	 phospholipids	 cocrystalize	with	 P-type	ATPases.	Based	 on	 available	 data	 of	
SERCA	Lenoir	et al	propose	a	role	for	M2	and	M4	transmembrane	helices	in	the	binding	of	
the	lipid	in	the	E2	configuration	(50).	Information	on	the	putative	headgroup	translocation	
pathway	 cannot	 be	 extrapolated	 from	 the	 SERCA/lipid	 crystals,	 and	 requires	 successful	
crystallization	and	structure	elucidation	of	a	P4 ATPase. 

3. The P4 ATPase - CDC50 heteromeric complex

One	important	conserved	feature	of	P4	ATPases	across	species	is	that	they	form	heterodimers	
with	members	of	the	CDC50	protein	family	(21,	29,	58-62)(Chapter	3).	The	CDC50 gene 
was	originally	identified	in	genetic	screen	for	yeast	mutants	exhibiting	cold	sensitive	growth	
defects	(similar	to	the	phenotype	of	P4	ATPase	deficient	yeast)(58,	63,	64).	These	proteins	
have	two	transmembrane	spanning	helixes,	relatively	short	cytosolic	N-	and	C-	terminal	tails,	
a	large	extracellular	loop	with	one	or	more	predicted	internal	disulfide	bonds	and	multiple	
putative glycosylation sites (29, 58) (Figure 3).
The	different	eukayotic	genomes	studied	have	no	clear	relationship	between	the	number	of	P4 
ATPases	and	the	number	of	CDC50	genes	present,	except	that	all	genomes	contain	more	P4 
ATPases	than	CDC50	genes	(Table	2).	This	suggests	that	CDC50	proteins	may	associate	with	
more than one P4 ATPase or that there are P4	ATPases	which	operate	on	their	own.	Indeed,	
the S. cerevisiae and A. thaliana	CDC50	proteins	Lem3p,	alis1,	alis3	and	alis5	functionally	
associate	with	 (at	 least)	 two	 P4	ATPases	 (28,	 29,	 72).	Human	CDC50A	 interacts	with	 at	
least	 four	P4 ATPases (Chapter 4). Furthermore, some P4	ATPases	appear	 to	 interact	with	
more	than	one	CDC50	protein.	Human	ATP8B1	functionally	interacts	with	both	CDC50A	

E1 -? E1P -?

E2P -PS

ATP ADP

H2OPi

?

E2 -PS

PS PS

?

P 4 ATPase
reaction cycle

extracellularintracellular

Figure 2. Post-Albers reaction cycle applied to P4 ATPases.
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and CDC50B (60) (and Chapter 4) and the plant P4	ATPases	ALA2	and	ALA3	functionally	
interact	with	three	different	plant	CDC50	proteins	(21,	72).	
The	exact	function	of	CDC50	proteins	in	relation	to	P4	ATPases	is	not	known.	CDC50	proteins	
may	either	act	as	a	folding	chaperone,	as	a	determinant	of	the	subcellular	localization,	as	a	
determinant	of	substrate	specificity,	as	an	essential	catalytic	subunit	of	the	P4 ATPase-CDC50 
complex,	or	a	combination	of	these	possibilities.

A	 chaperone	 function	 of	 CDC50	 proteins	 in	 relation	 to	 P4 ATPases has indeed been 
demonstrated	 in	 different	 organisms.	P4	ATPases	 need	 to	 associate	with	 a	CDC50	 family	
member	to	exit	the	ER	(21,	29,	58-62)(and	Chapter	3	and	4).	CDC50	proteins	also	require	
association	with	 a	 P4	ATPase	 for	 ER	 exit,	 complex	 glycosylation	 and	 plasma	membrane	
localization ((62, 72)(and Chapter 3 and 4).
A	specific	role	for	CDC50	proteins	as	a	determinant	of	P4 ATPase subcellular localization 
beyond	 ER-exit	 has	 not	 been	 equivocally	 demonstrated.	 Recently,	 Lopez-Marques	 and	
colleagues	 investigated	 two	A. thalania P4 ATPases, ala2 and ala3 in relation to three A. 
thalania	CDC50	family	members,	alis1,	alis3	and	alis5.	They	interrogated	whether	distinct	
CDC50	 family	 members	 determine	 the	 subcellular	 localization	 and	 substrate	 specificity	
of	 the	 P4	ATPases	with	which	 they	 associate.	Their	 data	 clearly	 indicate	 that	 subcellular	
localization	and	substrate	preference	are	specified	by	molecular	signals	within	the	P4 ATPase 
and	not	by	the	CDC50	protein	(72).	Recent	work	of	Holthuis	and	colleagues	(56)	elegantly	
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Figure 3. Schematic representation of a P4 ATPase and its CDC50 subunit.
P4	ATPases	contain	10	transmembrane	spanning	helices,	which	comprises	the	M-domain	(in	green).	Yellow	stars	in	the	transmembrane	
spanning	helixes	4	and	6	indicate	hydrophobic	amino	acid	substitutions	compared	to	the	cation	coordinating	amino	acids	in	Na+/
K+-ATPase.	The	nucleotide	binding	domain	(N-domain)	is	represented	in	yellow,	the	phosphorylation	domain	(P-domain)	in	red	and	
the actuator domain (A-domain) in blue. CDC50 proteins have short cytosolic N- and C-termini, multiple putative glycosylation sites 
(represented	by	the	branched	structures)	and	one	or	more	putative	internal	disulfide	bridges	(not	shown).
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indicates that S. cerevisiae	Cdc50	proteins	are	crucial	components	of	the	catalytic	cycle	of	
the P4	ATPase	complex.	They	purified	the	yeast	P4 ATPase Drs2p to apparent homogeneity 
in	 the	presence	or	absence	of	Cdc50p.	These	experiments	revealed	 that	 the	association	of	
Drs2p	with	Cdc50p	was	required	for	aspartyl	phosphorylation.	They	also	provided	indirect	
evidence that the Cdc50p-Drs2p interaction is dynamic during the reaction cycle and that this 
interaction	is	strongest	when	Drs2p	is	in	the	E2P	conformation.	Based	on	this	work,	Holthuis	
postulated	that	Cdc50	protein-function	in	relation	to	P4	ATPases	is	analogous	to	the	function	
of	the	beta	subunits	of	P2	ATPases	(reviewed	in	(73)).	It	has	been	well	established	that	the	
alpha	and	beta	subunit	of	P2	ATPases	together	form	a	catalytically	active	complex,	whereas	
the	individual	subunits	have	no	catalytic	activity	(reviewed	in(74)).	The	crystal	structures	of	
several P2	ATPases	in	complex	with	their	respective	beta	subunits	have	recently	been	solved,	
and	indicate	that	beta	subunits	are	important	for	the	stabilisation	of	the	alpha	subunit	during	
cation transport (75, 76). 

4. Functions of P4 ATPases

4.1. Biochemical functions
4.1.1. Aminophosphospholipid translocase
After	the	seminal	paper	by	Tang	et al providing genetic evidence that P4	ATPases	were	the	
prime	candidates	for	the	long	sought	APLT	(12),	a	large	number	of	studies	investigating	the	
role	of	P4	ATPases	have	been	published.	Initially,	most	studies	focussed	on	yeast	P4 ATPases. 
Bull	and	colleagues	were	the	first	to	link	genetic	mutations	in	a	P4 ATPase to an inherited 
disease in humans (10) (see Figure 1). Many additional studies linked yeast P4 ATPase activity 
to	maintenance	of	membrane	phospholipid	asymmetry	in	yeast	and	in	other	organisms	(21,	24,	
29,	59,	60,	77-79).	In	literature,	several	inconsistencies	exists	regarding	the	APLT	function	of	
Drs2p	(80,	81).	These	could	mainly	be	ascribed	to	the	fact	that	the	yeast	genome	contains	5	P4 
ATPase	genes	with	largely	redundant	functions	(20,	23,	66).	Next,	deletion	of	DRS2 has also 
consequences	on	the	trafficking	of	two	P4	ATPases,	Dnf1p	and	Dnf2p,	that	were	primarily	

P4 ATPase CDC50 References
H.sapiens 14 2/3 (67, 68, 69)

M.musculus 14/15 3 (27, 68)
C.elegans 6 ? (67, 70)

S.cerevisiae 5 3 (66, 71)
A.thaliana 12 5 (21, 26, 65)

D.melanogaster 6 ? (70)
M.grisea 4 ? (33)

L.donovani* 1 1 (19, 61)

Table 2. Overview of number of P4 ATPase genes and CDC50 family member genes identified in different eukaryotic genomes.

*One P4	ATPase	gene	and	one	CDC50	gene	were	identified	in	L. donovani,	but	the	genome	of	this	organism	was	not	analysed	for	
additional P4 ATPase and CDC50 genes.
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responsible	for	maintaining	phospholipids	asymmetry	at	the	plasma	membrane	(20,	82).	In	
addition, it appeared that Drs2p is a P4	ATPase	that	recycles	between	the	Golgi-apparatus	and	
the	endocytic	vesicular	pathway,	thus	predominantly	establishing	phospholipid	asymmetry	in	
intracellular	membranes	(83),	while	initial	studies	were	directed	mainly	towards	measuring	
APLT	activity	at	the	plasma	membrane	(12,	80,	81).	The	interpretation	of	genetic	studies	on	
P4	ATPase	function	is	hampered	by	the	notion	that	disruption	of	the	expression	of	one	specific	
P4	ATPase	in	many	cases	caused	intracellular	vesicular	trafficking	defects,	thus	potentially	
prohibiting	the	proper	localization	and	function	of	other	P4 ATPases or even other proteins 
that could contain APLT activity (16, 17, 20, 23, 83). Ding et al (57) and Patterson et al 
(84)	 isolated	overexpressed	bovine	and	murine	Atp8a1	 from	 insect	 cells	 and	 showed	 that	
the	ATPase	activity	of	 the	enzymes	was	specifically	enhanced	when	PS	was	added	 to	 the	
reaction	mixture.	This	 indicated	 that	PS	 is	an	endogenous	substrate	of	Atp8a1.	Definitive	
proof	that	P4	ATPases	are	APLT’s	was	recently	provided	by	Zhou	and	Graham	(Figure	1).	
They	purified	and	reconstituted	 the	yeast	P4 ATPase Drs2p into proteoliposomes resulting 
in	lipid	translocation	of	fluorescently	labelled	PS	(14).	Similarly,	Coleman	and	colleagues	
purified	 and	 reconstituted	 bovine	Atp8a2	 from	 retina	 photoreceptor	 disc	membranes	 and	
demonstrated	lipid	translocase	activity	which	is	specific	for	fluorescently	labelled	PS	(NBD-
PS)	(11).	This	work	provided	compelling	evidence	that	these	P4 ATPases are phospholipid 
translocases in vitro. 

4.1.2. Enzyme independent function of P4 ATPase
In	addition	to	the	lipid	translocase	function,	P4 ATPases likely also have a pump-independent 
function.	Initial	evidence	for	this	centred	on	the	cold-sensitivity	of	yeast	mutant	with	defects	
in	Drs2p.	Deletion	of	DRS2 in S. cerevisiae causes a cold-sensitive phenotype. The cold-
sensitive	 growth	 phenotype	 of	ΔDrs2	 yeast	 cells	 could	 not	 be	 rescued	 by	 transformation	
with	a	Drs2p	C-tail	truncation	mutant,	although	this	mutant	protein	localized	properly	and	
is	 expected	 to	have	PS	 translocase	 activity.	Similarly,	 cold	 sensitive	growth	 could	not	be	
rescued	by	expression	of	Drs2p-D560N,	an	ATPase	deficient	mutant.	However	when	these	
two	Drs2p	mutants	were	transformed	together	into	ΔDrs2	yeast	cells,	growth	at	the	permissive	
temperature	 was	 restored	 (85).	 This	 suggests	 that	 Drs2p	 performs	 two	 independent	 and	
essential	functions	where	the	C-terminal	truncation	mutant	provides	the	enzymatic	transport	
function	of	Drs2p,	while	 the	 enzymatic	dead	mutant	 complements	 the	pump-independent	
function	of	the	C-tail	of	Drs2p.	A	second	line	of	evidence	for	a	pump-independent	function	
of	Drs2p	came	from	Zhou	and	Graham,	who	purified	Drs2p	with	a	TAP-tag	at	the	N-terminus	
and at the C-terminus (TAP-Drs2p and Drs2p-TAP) and reconstituted these proteins in 
proteoliposomes.	PS	translocase	activity	was	only	observed	in vitro	with	TAP-Drs2p,	while	
Drs2p-TAP seemed catalytically dead. Interestingly, both N- and C-terminally tagged DRS2 
constructs	were	 able	 to	 rescue	 the	 cold	 sensitive	growth	defect	 of	ΔDrs2 cells (14). This 
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suggests	 that	 these	enzymes	have	a	pump-independent	 function	 in	addition	 to	 their	APLT	
activity,	and	that	the	former	is	important	for	rescuing	the	cold	sensitive	growth	phenotype.	
The	pump-independent	function	is	not	only	reflected	in	a	cold-sensitive	phenotype	and	is	not	
restricted	to	yeast,	as	demonstrated	by	two	groups.	First,	Natajaran	et al	showed	that	trans	
Golgi	membranes	contain	Drs2p	dependent	PS	translocase	activity	and	ΔDrs2 yeast mutants 
show	 profound	 protein	 and	 vesicular	 trafficking	 defects	 (83).	 They	 tested	 whether	 the	
translocation	of	the	substrate	PS	(the	enzymatic	function	of	Drs2p)	was	necessary	for	proper	
intracellular	vesicular	traffic.	However,	the	mere	absence	of	(translocated)	PS	did	not	explain	
the	trafficking	defects	in	ΔDrs2	cells.	Deletion	of	the	PS-synthase	gene	CHO1 completely 
eliminates	 PS	 synthesis,	 rendering	 this	 strain	 devoid	 of	 PS.	 Remarkably,	CHO1 mutants 
are	 viable	 and	 grow	 reasonably	well	 on	 rich	medium,	 but	 do	 not	 show	 protein	 transport	
defects	like	DRS2	mutants.	This	suggested	that	Drs2p	performs	two	separate	functions,	the	
enzymatic	translocation	of	PS	and	in	addition,	a	PS-independent	function	which	is	involved	
in	the	vesicular	trafficking	phenotype.	The	latter	implicates	either	that	PS	is	not	an	essential	
substrate	for	Drs2p-mediated	vesicle	formation,	or	that	Drs2p	has	a	translocase-independent	
function
Second,	knock-down	of	 the	mammalian	P4 ATPase ATP8B1 in polarized human intestinal 
epithelial (Caco-2) cells in vitro	did	not	affect	the	internalization	rate	of	spin	labelled	PS	but	
severely	affected	the	organizational	structure	of	the	apical	plasma	membrane	(41)(Chapter	
5), again suggesting that a P4	ATPase,	ATP8B1,	might	perform	a	pump-independent	function.	
In	analogy	to	the	study	of	Chantalat	et al	(85)	in	yeast,	attempts	were	made	to	rescue	this	
phenotype using ATP8B1 mutant proteins either lacking the C-terminus or catalytically-dead 
(D454	mutants).	Unfortunately,	these	were	unsuccessful	due	to	the	fact	that	these	mutations	
resulted	in	ATP8B1	misfolding	and	ER-retention	(62)(Chapter	3)(and	unpublished	data).
Interestingly,	 non-pumping	 functions	 have	 also	 been	 described	 for	 other	 P-type	ATPases.	
Several	 studies	 highlight	 the	ATPase-independent	 role	 of	 the	 Na+/K+-ATPase as a signal 
transducer	 (86-88).	More	 recently,	 a	 pool	 of	 non-pumping	Na+/K+-ATPase	was	 described	
(89). The Na+/K+-ATPase	recruits	several	proteins	by	direct	interaction	with	the	α	subunit,	
thus	 effectively	 functioning	 as	 a	 scaffold	 for	 signalling	 proteins	 (86-88,	 90).	 Binding	 of	
cardiac glycosides such as ouabain to Na+/K+-ATPase	 in	 this	 receptor	 complex	 induces	
cellular	 signaling	cascades	 eventually	 resulting	 in	 changes	 in	 the	 expression	of	 a	number	
of	growth-related	genes	and	in	cell	proliferation	(86-88).	Considering	the	large	number	of	
protein-protein	 interaction	described	 for	P4 ATPases in yeast, a similar pump-independent 
scaffold	function	of	these	proteins	can	easily	be	envisioned	(see	Table	3	and	section	4.2.3)

4.2 Cellular functions of P4 ATPases
The	distinct	biochemical	functions	of	P4 ATPase as described above are implicated in a variety 
of	cellular	processes.	Below,	we	summarize	the	cell	biological	functions	of	P4 ATPases and 
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discuss	whether	this	function	can	be	attributed	to	the	molecular	function	of	P4 ATPase; either 
the	flippase	function	or	to	the	putative	pump-independent	scaffold	function	or	both.

4.2.1. P4 ATPases and signal transduction at the cytosolic leaflet
In	addition	to	their	prime	function	in	establishing	organelle	and	cell	boundaries	by	forming	
lipid	bilayers,	 lipids	 also	 function	 as	 signalling	molecules	 (91).	Well	 known	examples	 of	
lipids that serve as signalling molecules are the phosphoinositides and diacylglycerol (DAG). 
Lipids	can	recruit,	activate	or	inhibit	protein	activity	or	a	combination	of	these	processes	at	a	
membrane	(reviewed	in	(91-93)).	Yeung	and	coworkers	created	a	fluorescent	PS	probe	based	
on	the	PS	binding	domain	of	lactadherin,	a	glycoprotein	of	milk	fused	to	green	fluorescent	
protein (94). In mammalian cells this probe localized to the plasma membrane but also to 
vesicular	structures	which	were	identified	as	endocytic	vesicles.	They	demonstrate	that	the	
association	of	positively	charged	proteins	with	(negatively	charged)	PS	dynamically	regulates	
the	 localization	of	 these	proteins.	Furthermore,	 they	suggest	 that	changes	 in	phospholipid	
distribution	or	metabolism,	influx	of	positive	ions	like	Ca2+	or	phosphorylation	of	proteins	
can	relocalize	the	proteins	and	thus	the	reactions	catalyzed	by	them	(94,	95).	An	example	
of	a	PS	binding	protein	 is	Protein	Kinase	C	(PKC)	(for	other	examples	see	(93)).	Almost	
all	 PKC	 isozymes	 need	 PS	 as	 a	 cofactor	 for	 activation.	 By	 inference,	 altered	 spatial	 or	
temporal	distribution	of	PS	due	to	P4	ATPase	activity	could	potentially	lead	to	reduced	PKC	
activation.	This	 hypothesis	was	 directly	 tested	 in	UPS-1	 cells,	 a	mutant	Chinese	 hamster	
ovary	(CHO)	cell	line	characterized	by	an	unknown	endogenous	defect	leading	to	reduced	
PS-	flippase	activity	(96).	Overexpression	of	ATP8B1	in	UPS-1	cells	resulted	in	induction	of	
PS	translocation	(60)	with	a	concomitant	activation	of	endogenously	expressed	PKCζ	(97).	
Therefore,	dysfunctional	P4	ATPases	can	potentially	 influence	 the	 spatial	 and	or	 temporal	
availability	of	phospholipids	and	thus	the	distribution	and	activity	of	proteins.

4.2.2. P4 ATPases and ribosome function 
The yeast P4 ATPase DRS2	 gene	was	 first	 identified	 in	 a	 functional	 screen	 for	 ribosome	
assembly	 mutants,	 hence	 the	 name	 Drs2,	 deficient	 for	 ribosomal	 subunits	 (98).	 ΔDrs2 
cells	grown	at	the	non	permissive	temperature	displayed	delayed	processing	of	20S	rRNA	
precursor	 into	 18S	 rRNA.	 Interestingly,	 overexpression	 of	 a	 yeast	 translation	 elongation	
factor	(TEF3)	suppressed	the	cold-sensitive	growth	phenotype	of	ΔDrs2 (98)(and Table 3). 
A second P4	ATPase	 identified	 in	 yeast,	NEO1	was	 discovered	 in	 a	 screen	 for	 resistance	
to	aminoglycosides,	which	has	also	been	 implicated	 in	ribosomal	function	(22).	Recently,	
a	marked	reduction	 in	 translation	efficiency	of	alkaline	phosphatase	mRNA	was	observed	
in ATP8B1-depleted human intestinal cells (41)(Chapter 5). These results suggest that also 
mammalian P4	ATPases	might	have	a	connection	in	ribosome	function.	In	yeast,	ribosome	
biogenesis	defects	have	also	been	observed	 in	mutants	 that	perturb	 the	secretory	pathway	
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(99).	Therefore,	reduced	translation	efficiency	could	be	a	secondary	effect	of	eukaryotic	cells	
due	to	defects	in	vesicular	trafficking.	

4.2.3. P4 ATPases and vesicular trafficking
Biogenesis	of	endocytic	and	secretory	vesicles	requires	dynamic	regulation	of	transbilayer	
lipid movement. P4 ATPases in S. cerevisiae	 reside	 in	different	organelles	of	 the	exocytic	
pathway	and	have	a	crucial	 role	 in	 the	formation	of	plasma	membrane	and	Golgi-derived	
transport	vesicles	(reviewed	by	(82,	100)).	Interestingly,	trafficking	defects	associated	with	
aberrant P4	ATPase	function	are	also	observed	 in	other	organisms.	As	a	first	example,	 the	
plant P4	ATPase	ala3	of	A thaliana	localizes	at	the	Golgi	and	is	expressed	in	root	tip	peripheral	
columella	cells.	This	cell	 type	produces	a	special	kind	of	slime	vesicles	which	are	almost	
absent in ALA3 mutant plants (21). Secondly, MgAPT2 (Aminophosphlipid translocase 2) 
was	identified	as	a	homolog	of	the	P4 ATPase S. cerevisiae DRS2, in the rice plant pathogenic 
fungus	M. grisea.	It	was	shown	that	the	Golgi	plays	an	important	role	in	the	penetration	and	
infection	potential/mechanism	of	M. grisea.	ΔMgapt2	mutants	show	a	decreased	ability	to	
infect	host	plants,	show	a	decrease	in	the	secretion	of	extracellular	enzymes	and	accumulate	
abnormal	Golgi-like	 cisternae	 (33).	As	 a	 third	 example,	 the	C. elegans P4 ATPase Tat-1, 
is	 expressed	 in	 epidermal	 and	 intestinal	 cells.	Tat-1	mutant	worms	 accumulate	 abnormal	
intestinal vacuoles and early endosomal markers are abnormally distributed. Furthermore 
Tat-1	is	involved	in	the	formation	of	endo-lysosomal	vesicles	(78,	101).	
It	 was	 proposed	 that	 P4	ATPases	 contribute	 to	 the	 formation	 of	 exocytic	 and	 endocytic	
vesicles	by	 transporting	phospholipids	 from	 the	outer	 (or	 luminal)	 leaflet	 to	 the	cytosolic	
leaflet,	which	creates	an	imbalance	in	the	phospholipid	surface	area	between	the	two	leaflets	
of	the	bilayer	(102).	According	to	the	coupled	bilayer	hypothesis	of	Sheetz	and	Singer	(103),	
an	excess	of	lipid	on	one	side	causes	the	lipid	bilayer	to	bend	and	this	process	then	contributes	
to	the	formation	of	transport	vesicles	(extensively	reviewed	in	(104,	105)).	Although	APLT	
activity	may	enhance	vesicle	formation	(102)	this	activity	alone	is	not	enough	to	drive	this	
process.	Coat	proteins	that	assemble	on	vesicle	buds	of	the	ER,	Golgi,	plasma	membrane	or	
endolysosomal system are necessary to stabilize these membrane structures. The small GTP-
binding	protein	ADP-ribosylation	factor	(ARF)	and	its	effector	proteins	regulate	the	assembly	
of	coat	proteins	(reviewed	in	(106)).	Interestingly,	DRS2	was	identified	as	synthetic	lethal	in	
combination	with	ΔArf,	providing	the	first	report	on	a	P4	ATPase	involved	in	vesicular	traffic	
(16).	Deletion	of	DRS2	was	also	lethal	in	combination	with	clathrin	heavy	chain	mutants.	
These	observations	suggest	that	these	gene	products	operate	in	the	same	or	parallel	pathways	
(16).	Consistent	with	this	notion,	Drs2p	is	localized	at	the	trans-Golgi	and	ΔDrs2 cells display 
swollen	Golgi	cisternae	and	trafficking	defects	mainly	related	to	the	function	of	the	TGN	(16,	
17,	23,	83).	Since	then,	a	large	number	of	genetic	and	biochemical	interaction	studies	made	it	
evident	that	Drs2p	function	is	linked	to	formation	of	clathrin-coated	vesicles	in	intracellular	
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trafficking	pathways	and	that	the	yeast	P4	ATPase	family	members	Dnf1p,	Dnf2p	(which	are	
localized	at	the	plasma	membrane)	and	Dnf3p	(which	localizes	at	the	Golgi)	share	redundant	
functions	with	Drs2p	in	APLT	and	in	vesicular	trafficking	(see	Table	3	and	reviewed	by	(82,	
100)). 
It is striking that P4	ATPases	directly	interact	with	several	proteins	involved	in	the	regulation	
of	vesicular	transport,	especially	those	that	are	involved	in	the	recruitment	of	clathrin	(Table	
3),	and	thus	function	as	a	scaffold	factor	for	the	generation	of	coats.	Together,	all	these	data	
might	be	consistent	with	a	hypothetical	model	that	translocation	of	phospholipids	is	spatially	
and temporally coupled to coat recruitment by P4 ATPases and that this process substantially 
contributes	to	the	formation	of	intracellular	vesicles	(82,	117).	
Interestingly,	 a	 number	 of	 recent	 studies	 link	 phosphoinositide	 signalling	 to	 P4 ATPase 
function.	Sciorra	et al	identified	DRS2	as	a	synthetic	lethal	gene	with	a	temperature	sensitive	
allele	 of	PIK1,	 encoding	 a	 yeast	 phosphatidylinositol	 4-kinase	 (PI(4)PK)(114).	Natajaran	
et al	 functionally	characterized	 this	 interaction.	A	pik1ts mutant displayed reduced Drs2p-
dependent	phospholipid	translocase	activity	in	trans	Golgi	membranes,	which	suggests	that	
the	presence	of	PI(4)P	is	necessary	for	Drs2p	activity	(118).	Indeed,	a	PI(4)P-binding	region	
in	the	Drs2p	carboxyterminus	was	identified.	This	binding	region	partially	overlaps	with	an	
ArfGEF	(Gea2p)	binding	site	and	binding	of	Gea2p	also	simulated	Drs2p	flippase	activity	
(85). Natajaran et al	 therefore	suggest	that	these	interactions	of	Drs2p	with	PI(4)P	and	an	
ArfGEF	serve	as	a	coincidence	detection	system	to	spatially	and	temporally	activate	lipid	
translocation	at	 the	site	of	vesicle	formation	(118).	 In	addition,	Puts	et al.	 identified	three	
proteins	involved	in	phosphoinositide	metabolism	as	interactors	of	P4 ATPases; the inositol 
transporter (Itr1p), the phosphatidylinositol-4-phosphatase (Sac1p), and the myo-inositol 
1-phosphate	synthase	(Ino1p)(73).	Together	with	the	studies	of	Nakano	et al	and	Roelants	et 
al (119,	120),	these	studies	provide	the	first	evidence	that	P4 ATPases are subject to regulation 
by	an	intricate	network	of	protein	kinases	and	signalling	lipids,	which	together	fine-tune	P4 
ATPase	function.

4.2.4. P4 ATPases and membrane stability
One	of	the	most	astonishing	effects	of	lipid	translocation	across	a	lipid	bilayer	is	shape	change.	
Shape	change	of	the	bilayer	can	either	be	local	and	resulting	in	vesiculation	or	tubulation,	or	
affect	the	overall	shape	of	the	cell	(recently	reviewed	in	(105)).	Cell	shape	is	determined	by	
bending	of	the	lipid	bilayer	in	combination	with	cytoskeletal	properties.	The	first	studies	on	
the yeast P4	ATPases	in	this	context	involved	structural	analysis	of	membranes	by	electron	
microscopy	(16,	17,	23,	117).	This	revealed	the	existence	of	aberrant	intracellular	membranes	
in	ΔDrs2,	ΔNeo1	and	ΔDrs2ΔDnf1 cells. These observations suggested that P4 ATPases play 
an important role in stabilizing membranes, most possibly by balancing phospholipids across 
membrane	bilayer	leaflets.
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Other clues that P4	ATPases	may	fulfil	a	crucial	role	in	maintaining	membrane	stability	came	
from	studies	 investigating	 the	mammalian	P4 ATPase ATP8B1. Mutations in the ATP8B1 
gene	cause	a	hereditary	cholestasis	syndrome	in	humans	(121).	Five	studies	by	four	different	
groups	suggest	that	ATP8B1	plays	a	crucial	role	in	maintaining	stability	of	the	apical	plasma	
membrane	of	polarized	epithelial	cells.	Bull	et al (122) used electron microscopy to study 
liver	 biopsies	 from	ATP8B1	 deficient	 patients.	 These	 biopsies	 showed	 ‘coarse	 granular	
bile’,	 shortened	 hepatocyte	 microvilli,	 filamentous	 packaging	 and	 disruption	 of	 the	 bile	
canalicular	membrane.	This	observation	was	confirmed	by	a	study	of	Paulusma	et al (123) 
who	showed	that	Atp8b1 mutant mice have dilated bile canaliculi and shortened microvilli 
on	 the	 apical	 site	 of	 the	 hepatocyte.	ATP8B1	 specifically	 localizes	 at	 the	 apical	 plasma	
membrane	of	polarized	cell	 types	such	as	hepatocytes,	cholangiocytes,	enterocytes,	acinar	
cells	and	cochlear	hair	cells	 (39-41,	79,	124)(Chapter	5).	Reduced	expression	of	ATP8B1	
or	expression	of	an	ATP8B1	mutant	protein	resulted	in	profound	loss	of	microvillus(-like)	
structures in enterocytes and cochlear hair cells (39, 41, 125)(Chapter 5). We propose that 
ATP8B1	plays	an	important	function	in	stabilizing	microvilli	and	ciliated	structures	at	the	
apical	plasma	membrane.	How	exactly	ATP8B1	stabilizes	the	apical	plasma	membrane	is	as	
yet	unknown,	but	could	involve	phospholipid	translocation	as	well	as	recruitment	of	proteins	
involved	 in	 cytoskeleton	dynamics.	 In	 erythrocytes,	 loss	 of	 phospholipid	 asymmetry	 also	
leads	 to	 profound	morphological	 aberrations	 called	discoid	 shape	 and	 is	 accompanied	by	
dysattachment	of	cytoskeletal	elements	from	the	membrane	(126).	

4.2.5. P4 ATPases and sterol homeostasis
Studies in S. cerevisiae and C. elegans	 suggest	 that	 specific	members	 of	 the	 P4 ATPase 
family	play	an	important	role	in	cellular	cholesterol	homeostasis.	C. elegans	expresses	six	
P4	ATPases	and	mutations	in	two	of	these	results	in	a	growth	arrest	phenotype	in	a	sterol-
deprived environment (18). In S. cerevisiae,	knock	out	of	one	either	ERG3, ERG2, ERG5 or 
ERG6,	which	are	all	ergosterol,	(yeast	equivalent	of	cholesterol)	biosynthesis	genes	appeared	
synthetic	lethal	with	deletion	of	the	P4 ATPase DRS2 and CDC50	(107)(and	Table	3),	while	
single	gene	knock	outs	were	all	viable.	This	interaction	seemed	to	be	specific	for	the	Drs2p-
Cdc50p	complex	because	double	knock	out	of	LEM3	and	one	of	the	ergosterol	biosynesis	
genes	was	 not	 lethal.	 Furthermore,	DRS2	 deficient	 cells	 are	 hypersensitive	 to	mevastatin	
an	 inhibitor	 of	 3-hydroxy–3-methylglutaryl-CoA	 reductase,	 the	 rate-limiting	 enzyme	
of	 ergosterol	 synthesis	 (110).	These	 results	 suggest	 that	 specific	P4 ATPases are involved 
directly or indirectly in sterol import in S. cerevisiae and C. elegans.	The	involvement	of	only	
a	specific	P4	ATPase	subset	in	these	organisms	suggests	specialized	functions	in	relation	to	
sterols among the P4	ATPase	family.
A	 second	 connection	 between	 cholesterol	 and	 P4	ATPases	was	 described	 by	Muthusamy	
et al	 (110).	They	 discovered	 that	 oxysterol	 binding	 protein	 homologue	 4	 (Kes1 in yeast) 
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antagonizes	Drs2p-mediated	flippase	 activity	 at	 trans	Golgi	membranes	 (Table	 3).	Kes1p	
transfers	 oxysterols	 between	membranes	 in vitro (127). Conversely, Drs2p also seems to 
antagonize	Kes1p	activity,	because	Kes1p	is	hyperactive	in	ΔDrs2 cells. This study suggests 
that	Drs2p	plays	 an	 important	 role	 in	 the	 trafficking	of	 ergosterol	 from	 the	membrane	 to	
intracellular sites. 
A	third	connection	between	sterol	homeostasis	and	P4	ATPase	was	demonstrated	by	Groen	
et al	who	observed	ABCG5/G8-independent	cholesterol	extraction	from	the	apical	plasma	
membrane	 of	 hepatocytes	 in	ATP8B1	 deficient	 mice	 (128).	 They	 suggest	 that	 enhanced	
cholesterol	escape	from	the	outer	leaflet	is	due	to	a	disturbance	in	phospholipid	asymmetry.	
It	 was	 proposed	 by	 Lange	 and	 Steck	 that	 cholesterol	 ‘escapes’	 more	 readily	 from	 the	
inner	membrane	leaflet	than	from	the	outer	leaflet	(129).	Indeed,	phospholipid	scrambling	
increases	cholesterol	extraction	from	the	outer	membrane	leaflet	(130,	131).	Taken	together,	
the	possibly	exists	that	by	regulating	phospholipid	asymmetry,	P4 ATPases also control the 
availability	of	cholesterol	at	either	site	of	the	membrane.	
It	 is	 known	 that	 the	 amount	 of	 cholesterol	 in	 the	 membrane	 influences	 the	 activity	 of	
transmembrane	transporters	(132).	Therefore,	P4	ATPases	potentially	control	the	activity	of	
other transmembrane transporters by indirectly modulating membrane cholesterol content. 
Finally,	extraction	of	cholesterol	from	the	apical	plasma	membrane	of	differentiated	enterocytes	
in vitro	has	a	dramatic	effect	on	the	structural	organisation	of	the	plasma	membrane	(133).	
Microvilli	are	totally	absent	in	enterocytes	that	were	depleted	from	cholesterol	by	methyl-
beta-cyclodextrin.	These	electron	microscope	pictures	resemble	those	of	ATP8B1	depleted	
cells	which	also	lack	microvilli	(39,	41,	123,	125)(Chapter	5).

5. Concluding remarks

Since	 the	 identification	 of	 the	 P4	 ATPase	 family	 much	 progress	 has	 been	 made	 on	 the	
elucidation	of	their	cellular	functions.	As	illustrated	in	this	review,	the	cellular	consequences	
of	defects	 in	P4	ATPases	vary	 from	vesicle	 formation	deficiencies	 to	membrane	structure/
stability	defects.	These	defects	have	secondary	consequences	making	it	difficult	to	pinpoint	
the	 (putative)	 general	 biochemical	 function(s)	 of	 the	 P4	 ATPase	 family,	 shared	 by	 its	
many	members.	Recent	 data	 has	 now	 strongly	 confirmed	 that	 P4 ATPases can operate as 
phosholipid	 translocases,	 when	 reconstituted	 in	 lipid	 vesicles,	 possibly	 in	 complex	 with	
CDC50	 proteins.	 However,	 it	 is	 getting	more	 and	more	 evident	 that	 this	 activity	 can	 be	
tightly regulated, spatially and temporarily. P4	ATPases	 in	 multicellular	 organisms	 show	
distinct	tissue	distribution	and	specific	roles	in	tissue	development	and	function.	In	addition,	
P4	ATPases	 reside	 in	multiple	 often	 very	 specific	 cellular	 compartments,	 from	 the	 apical	
plasma	membrane	to	specialized	secretory	vesicles.	This	suggests	high	spatial	regulation	of	
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P4	ATPase	 function.	At	 these	 specific	 tissues/cells/organelles,	P4	ATPases	might	have	 two	
functions:	an	ATPase-dependent	and	a	pump-independent	function.	Furthermore,	PS	flippase	
activity	of	Drs2p	is	tightly	regulated	by	a	detection	system,	effectively	activating	phospolipid	
translocation	at	moments	and	locations	where	phosphatidylinositol-4-phosphate	production,	
ARF	activity	and	Drs2p	coincide.	The	fact	that	P4	ATPase	are	under	the	control	of	regulatory	
proteins	and	lipids	has	changed	our	perspective	on	temporal	and	spatial	activity	of	P4 ATPases. 
Therefore,	to	further	understand	the	role	of	other	P4 ATPases it is not only important to study 
the	 cellular	 consequence	when	 they	 are	 non-functional,	 but	 also	 to	 elucidate	 the	 specific	
conditions	 required	 for	 their	 activation	 as	well	 as	 their	 (subcellular)	 localization.	 Finally,	
studies	are	needed	to	define	the	substrates	transported	by	each	P4 ATPase. Likely, the progress 
in	functional	reconstitution	of	P4	ATPases	in	liposomes	with	well	defined	composition	will	
aid to tackle these topics.
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Abstract 

ATP8B1	deficiency	is	a	severe	and	clinically	highly	variable	hereditary	disorder	that	is	primarily	
characterized by intrahepatic cholestasis. It presents either as a progressive (progressive 
familial	intrahepatic	cholestasis	type	1;	PFIC1)	or	intermittent	(benign	recurrent	intrahepatic	
cholestasis	 type	1;	BRIC1)	disease.	ATP8B1	deficiency	 is	 caused	by	autosomal	 recessive	
mutations the gene encoding ATP8B1, a putative aminophospholipid-translocating P-type 
ATPase.	The	exact	pathogenesis	of	the	disease	is	elusive,	and	no	effective	pharmacological	
therapy is currently available.
Here,	 the	 molecular	 consequences	 of	 six	 distinct	ATP8B1 missense mutations (p.L127P, 
p.G308V,	p.D454G,	p.D554N,	p.I661T,	p.G1040R)	and	one	nonsense	mutation	(p.R1164X)	
associated	 with	 PFIC1	 and/or	 BRIC1	 were	 systematically	 characterized.	 Except	 for	 the	
p.L127P	mutation,	all	mutations	resulted	in	markedly	reduced	ATP8B1	protein	expression,	
whereas	mRNA	expression	was	unaffected.	Five	out	of	seven	mutations	resulted	in	(partial)	
retention	of	ATP8B1	in	 the	endoplasmic	reticulum	(ER).	Reduced	protein	expression	was	
partially	restored	by	culturing	the	cells	at	30°C	and	by	treatment	with	proteasomal	inhibitors,	
indicating	protein	misfolding	and	subsequent	proteosomal	degradation.	Protein	misfolding	
was	corroborated	by	predicting	the	consequences	of	most	mutations	onto	a	homology	model	
of	ATP8B1.	Treatment	with	4-phenylbutyrate	(4-PBA),	a	clinically	approved	pharmacological	
chaperone,	 partially	 restored	 defects	 in	 expression	 and	 localization	 of	 ATP8B1	 G308V,	
D454G,	D554N	and	in	particular	I661T,	the	most	frequently	identified	mutation	in	BRIC1.	
Conclusion:	a	surprisingly	large	proportion	of	ATP8B1	mutations	resulted	in	aberrant	folding	
and	decreased	expression	at	the	plasma	membrane.	These	effects	were	partially	restored	by	
treatment	with	 4-PBA.	We	 propose	 that	 treatment	with	 pharmacological	 chaperones	may	
represent	an	effective	therapeutic	strategy	to	ameliorate	the	recurrent	attacks	of	cholestasis	
in	BRIC1	patients.
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Introduction

New	 insights	 into	 the	 genetic	 basis	 of	 liver	 disease	 have	 had	 enormous	 impact	 on	 our	
understanding	of	disease	pathogenesis,	but	translation	into	pharmacological	treatment	remains	
a	 challenging	 task.	 One	 such	 hereditary	 liver	 disorder	 is	ATP8B1	 deficiency	 (previously	
called FIC1 disease; caused by mutations in ATP8B1)	(1).	ATP8B1	deficiency	is	primarily	
characterized	by	low	gamma-GT	intrahepatic	cholestasis,	due	to	a	defect	in	bile	salt	secretion	
(2).	A	severe	manifestation	is	progressive	familial	intrahepatic	cholestasis	type	1	(PFIC1),	
which	also	comprises	Greenland	familial	cholestasis	(3),	causing	end-stage	liver	disease	if	
untreated.	A	milder	manifestation	 is	 called	benign	 recurrent	 intrahepartic	 cholestasis	 type	
1	 (BRIC1),	which	 is	 characterized	 by	 intermittent	 cholestasis.	The	 severity,	 duration	 and	
frequency	of	cholestatic	attacks	in	BRIC1	are	variable,	and	it	is	unknown	what	triggers	their	
onset	and	spontaneous	resolution.	ATP8B1	deficiency	is	distinct	from	ABCB11	deficiency.	
The	latter	is	characterized	by	similar	cholestatic	phenotypes	(called	PFIC2	and	BRIC2)	but	
is caused by mutations in ABCB11,	the	gene	encoding	the	bile	salt	export	pump	BSEP	(2).	
ATP8B1	is	a	member	of	the	P4	subfamily	of	P-type	ATPases.	P4-type	ATPases	associate	with	
members	of	the	CDC50	protein	family,	and	formation	of	these	complexes	is	required	for	P4	
ATPase	stability	and	export	from	the	ER	(4,	5).	Studies	in	yeast	have	suggested	that	these	
protein	complexes	translocate	phospholipids	across	cellular	membranes	(4,	6).	Although	not	
yet	unequivocally	demonstrated,	a	role	of	ATP8B1	in	transport	of	phosphatidylserine	(PS)	
from	the	outer	leaflet	of	the	canalicular	membrane	to	the	inner	leaflet	is	suggested	(5,	7,	8).	
How	 loss	of	ATP8B1	activity	 secondarily	 causes	 impairment	of	bile	 salt	 secretion	 is	 still	
being investigated.
For	 several	 diseases,	 including	 cystic	 fibrosis	 (CF)	 and	 alpha-1	 anti-trypsin	 deficiency,	
elucidation	of	the	deleterious	consequences	of	genetic	defects	on	protein	folding	has	opened	
avenues	 to	 develop	 effective	 treatment	 (9,	 10).	A	 recent	 example	 is	 the	 pharmacological	
chaperone	4-phenylbutyrate	(4-PBA),	which	has	turned	into	a	promising	tool	to	ameliorate	
the	plasma	membrane	expression	of	a	number	of	proteins	affected	by	genetic	diseases	(9,	10).	
These	diseases	have	in	common	that	the	gene	mutations	result	in	defects	in	protein	folding.	
Importantly,	 the	molecular	consequences	of	ATP8B1	mutations	on	 the	folding,	expression	
and	 localization	of	 the	ATP8B1	protein	have	not	been	 identified.	Here,	we	selected	seven	
distinct mutations in ATP8B1,	previously	identified	in	PFIC1	and/or	BRIC1	patients	(Figure	
1A),	and	systematically	assessed	the	cellular	mechanisms	explaining	the	defects	due	to	these	
specific	mutations.	This	detailed	characterization	then	permitted	attempts	to	rescue	ATP8B1	
expression	at	the	plasma	membrane	using	the	pharmacological	chaperone	4-PBA.	
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Experimental procedures

Antibodies
Rabbit	anti-ATP8B1	antibody	was	characterized	previously	(7).	Other	antibodies	used	were	
rabbit	 anti-calreticulin	 (Alexis	 Biochemicals,	 San	Diego,	 CA	 for),	mouse	 anti-transferrin	
receptor	(Zymed,	San	Francisco,	CA),	rabbit	anti-VSV-G	(Abcam,	Cambridge,	UK),	mouse	
anti-V5, mouse anti-V5 FITC-conjugated, goat anti-rabbit Cy3-conjugated (Invitrogen San 
Diego,	CA),	goat	anti-rabbit,	HRP-conjugated	(DAKO,	Carpinteria,	CA),	goat	anti-mouse,	
HRP-conjugated	(Pierce,	Rockford,	IL).	Rabbit	anti-Na/K	ATPase	was	a	generous	gift	from	
Dr.	J.	Koenderink	(Nijmegen,	The	Netherlands).	

DNA constructs
ATP8B1	constructs	with	a	VSV-G-epitope	 tag	at	 the	amino-terminus	were	constructed	by	
PCR	using	human	ATP8B1	cDNA	as	template	and	cloned	into	the	AscI	and	NheI	sites	of	
pCB7-VSV.	This	 construct	was	 used	 as	 template	 for	 site-directed	mutagenesis	 according	
to	 the	manufacturer’s	protocol	 (Strategene),	 to	create	7	mutations	previously	 identified	 in	
patients	with	ATP8B1	deficiency	(18).	Human	CDC50A	was	cloned	into	pCDNA3-V5	by	
PCR	or	into	pmKate2-N	to	create	a	carboxyl-terminal	tagged	constructs.	(see	Table	S1	for	
primer sequences.)

Cell culture, transfections and drug treatment
Human bone osteosarcoma epithelial cells (U2OS, (11)) and Human embryonic kidney 
293T	(HEK293T,	(12))	cells	were	cultured	in	Dulbecco’s	Modified	Eagle	medium	(DMEM)	
supplemented	 with	 10%	 fetal	 calf	 serum	 and	 antibiotics.	 Transient	 transfections	 were	
performed	using	calcium	phosphate	or	polyethylenimine	(PEI)	using	standard	procedures	and	
cells	were	harvested	after	1-3	days.	Cells	were	incubated	at	27	or	30	or	40	°C	,	treated	with	
3	μM	MG132	(Calbiochem,	San	Diego,	CA),	100	nM	epoxomycin	(Sigma,	St	Louis,	MO)	
or	5	mM	4-phenyl	butyric	acid	(Sigma,	St	Louis,	MO)	for	40h,	16h,	and	40h,	respectively.

Co-immunoprecipitation and Western blot analysis
Cells	 transiently	 transfected	 with	 pCB7-ATP8B1	 and	 pcDNA3-CDC50A	 were	 lysed	 in	
20	mM	Tris-HCl;	pH	7.4,	5	mM	NaEDTA,	135	mM	NaCl,	1.0%	(v/v)	Nonidet	P-40,	and	
10%	(w/v)	sucrose	and	centrifuged	at	16.000x	g	for	15	min.	Supernatants	were	subjected	to	
western	blot	analysis	or	 incubated	with	mouse	anti-V5	antibodies	 immobilized	on	protein	
A-agarose	beads	(Sigma,	St	Louis,	MO)	for	2	h	at	4	°C,	followed	by	western	blot	analysis.	
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Quantitative-PCR
HEK293T	cells	were	transiently	co-transfected	with	pCB7-ATP8B1	and	pcDNA3-CDC50A	
using	calcium	phosphate.	After	three	days,	RNA	was	isolated	using	TRIZOL	(Invitrogen),	
and	 residual	 DNA	 in	 the	 samples	 was	 degraded	 by	 DNase	 I	 treatment	 according	 to	 the	
manufacturer’s	 protocol	 (Invitrogen).	 After	 reverse	 transcription	 using	 oligo-dT	 primers	
(Roche)	and	Superscript	II	reverse	transcriptase	(Invitrogen),	quantitative	PCR	(qPCR)	was	
performed	using	 a	MyIQ	 real	 time	PCR	cycler	 (BioRad).	Results	were	 presented	 as	 fold	
induction,	 normalized	 to	 hypoxanthine-guanine	phosphoribosyltransferase	 (HPRT),	which	
was	selected	as	 the	most	 stable	 reference	gene	as	described	previously	 (13).	Hygromycin	
phosphotransferase	was	used	as	a	 transfection	marker,	encoded	within	 the	pCB7-ATP8B1	
construct.

Fluorescence microscopy
U2OS	cells	were	grown	on	coverslips	and	co-transfected	with	pCB7-ATP8B1	and	pcDNA3-
CDC50A	using	PEI.	After	2	days	cells	were	fixed	using	paraformaldehyde	and	ATP8B1	and	
the	ER-marker	protein	disulfide	isomerase	(PDI)	or	CDC50A	were	visualized	using	rabbit	
anti-VSV-G	and	Cy3	coupled	secondary	antibody	together	with	mouse	anti-PDI	and	Alexa	
488	coupled	secondary	antibody	or	FITC-conjugated	mouse	anti-V5.	Images	were	acquired	
using	a	LSM710	Meta	confocal	microscope	(Carl	Zeiss,	Jena,	Germany).	

Cell surface biotinylation
Two	 days	 after	 transfection,	 U2OS	 cells	 were	 washed	 with	 PBS	 supplemented	 with	 0.5	
mM CaCl2 and 1.0 mM MgCl2	 (PBS-CM),	 and	 proteins	 present	 at	 the	 cell	 surface	were	
biotinylated	 using	 sulfo-NHS-SS-biotin	 and	 solubilized	 as	 described	 previously	 (14).	
Biotinylated	proteins	were	precipitated	for	2h	using	neutravidin-coupled	beads	(Pierce)	and	
analyzed	by	immunoblot	analyses.	Cytosolic	proteins	were	undetectable	in	the	precipitated	
fraction	and	no	precipitated	protein	was	detected	when	sulfo-NHS-SS-biotin	was	omitted,	
demonstrating	the	specificity	of	the	procedure.

Statistical analysis
All	 figures	 represent	 at	 least	 three	 independent	 experiments.	 Protein	 expression	 was	
measured	by	densitometry	using	 Image	J	 (http://rsbweb.nih.gov/ij/).	Background	 intensity	
was	 subtracted	 and	 values	 were	 compared	 using	Mann-Whitney	 after	 testing	 for	 overall	
significance	 using	 the	Kruskal-Wallis	 test	 (p<	 0.05	was	 considered	 significant).	Data	 are	
provided as mean ± standard deviation (SD).
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Results

Low ATP8B1 mutant expression due to protein misfolding and proteasomal degradation
To	 study	 the	 effect	 of	 cholestasis-associated	mutations	 in	ATP8B1	 on	protein	 expression,	
HEK293T	cells	were	co-transfected	with	CDC50A	and	ATP8B1	wild-type	(WT)	and	mutants.	
ATP8B1	WT	 protein	 was	 readily	 detectable	 at	 approximately	 140	 kDa,	 and	 endogenous	
expression	 in	HEK293T	 cells	 was	 very	 low.	The	 protein	 expression	 of	ATP8B1	G308V,	
D454G,	D554N,	I661T,	G1040R	and	R1164X	was	significantly	reduced,	whereas	the	p.L127P	
mutation	did	not	affect	ATP8B1	expression	levels	(Figure	1B).	Identical	results	were	obtained	
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using	U2OS	cells	and	data	of	both	cell	types	are	averaged	in	Figure	1C.	ATP8B1	R1164X	
migrated	faster	than	ATP8B1	WT,	in	agreement	with	the	absence	of	the	carboxyl-terminus	
(Figure	1B),	and	also	exhibited	 reduced	expression.	 In	contrast,	 the	mRNA	expression	of	
all	mutants	with	reduced	protein	expression	was	unaffected	(Figure	1D).	Protein	expression	
of	ATP8B1	WT,	 I661T	 and	 G1040R	 was	 increased	 1.1-2	 fold	 upon	 treatment	 with	 the	
proteasomal	inhibitors	MG132	and	epoxomycin	(Figure	2A).	ATP8B1	mutants	with	lowest	
protein	expression	in	control	conditions,	i.e.	p.G308V,	p.	D454G,	p.D554N	and	p.R1164X,	
were	increased	2-11	fold	upon	treatment	with	MG132	or	epoxomycin.	This	suggested	that	
reduced	expression	of	ATP8B1	mutant	proteins	is	due	to	proteasomal	protein	degradation.	
Proteasomal	degradation	can	be	triggered	by	protein	misfolding	(15).	Therefore,	cells	were	
cultured	 at	 reduced	 temperature,	 as	 this	 can	 stimulate	 expression	 of	 otherwise	misfolded	
proteins.	Protein	expression	levels	of	ATP8B1	G308V,	D454G,	D554N,	I661T	and	R1164X	
were	increased	approximately	2-fold,	and	ATP8B1	G1040R	approximately	1.4-fold,	when	
cells	were	cultured	at	27	°C	(not	shown)	or	30	°C	(Figure	2B).

Mislocalization of ATP8B1 G308V, D454G, D554N, I661T and R1164X
To	 test	 for	 possible	defects	 in	protein	 trafficking,	 the	 localization	of	 all	ATP8B1	mutants	
was	compared	with	ATP8B1	WT	by	immunocytochemistry.	When	ATP8B1	and	CDC50A,	
the	heterodimer	partner	of	ATP8B1	in	the	liver,	were	expressed	individually,	both	proteins	
exclusively	localized	to	the	ER	(Figure	3A).	When	co-expressed,	ATP8B1	WT	colocalized	
with	CDC50A	at	the	plasma	membrane	(Figure	3B).	Similarly,	ATP8B1	L127P	and	G1040R	
localized	 to	 the	 plasma	membrane.	However,	ATP8B1	G308V,	D454G,	D554N	 and	 to	 a	
lesser	 extent	ATP8B1	 I661T	 displayed	 predominant	 intracellular	 localization,	 with	 little	
signal	outside	the	ER	(Figure	3,	B	and	C).	Interestingly,	in	all	cases	complete	colocalization	
between	 CDC50A	 and	 ATP8B1	 was	 observed.	 ATP8B1	 plasma	 membrane	 localization	
was	 subsequently	 determined	 by	 cell	 surface	 biotinylation	 in	 U2OS	 cells.	ATP8B1	WT	
was	detected	 in	 the	biotinylated	 fraction	when	CDC50A	was	 co-expressed,	but	not	when	
CDC50A	or	biotin	was	omitted	(Figure	4A).	In	addition,	ATP8B1	L127P,	I661T	and	G1040R	
were	present	at	the	plasma	membrane	(Figure	4B).	Although	clearly	detectable	in	the	total	

Figure 1. Low expression of mutant ATP8B1.
(A)	 Predicted	 topology	 of	ATP8B1	 and	 CDC50A	with	 the	 location	 of	 the	mutations	 p.L127P,	 p.G308V,	 p.D4454G,	 p.D554N,	
p.I661T,	p.G1040R	and	p.R1164X	indicated.	Branched	structures	indicate	putative	CDC50A	glycosylation	sites.	(B)	HEK293T	cells,	
transfected	with	pCB7-ATP8B1	and	pcDNA3-CDC50A-V5	were	lysed	and	protein	expression	determined	by	western	blot	analysis	
using	anti-ATP8B1	(top	panel),	anti-V5	(middle	panel)	and	anti-NaK-ATPase	(lower	panel).	Similar	results	were	obtained	using	
anti-VSV-G	antibodies,	excluding	impaired	binding	of	the	anti-ATP8B1	antibody	to	mutant	protein	as	an	explanation	for	the	reduced	
signal. (C)	Signal	intensities	of	the	experiment	depicted	in	B,	and	4	additional	independent	experiments	in	HEK293T	and	U2OS	
cells,	were	quantified,	corrected	for	background	signal,	normalized	to	NaK-ATPase	protein	expression	and	presented	relative	to	WT	
(asterisks	indicate	p<0.05).	(D)	HEK293T	cells	were	transiently	transfected	with	pCB7-ATP8B1	and	pcDNA3-CDC50A-V5.	Real-
time	qPCR	was	performed	and	mean	±	SD.	of	quadruplicate	measurements	is	indicated	for	each	condition.	Data	were	normalized	to	
average	of	the	WT.	No	significant	differences	in	ATP8B1	mRNA	were	detected.
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Figure 2. Misfolding and proteasomal degradation of mutant ATP8B1.
HEK293T	 cells	 co-transfected	 with	 pCB7-ATP8B1	 and	 pcDNA3-CDC50A-V5	 were	 treated	 with	 (A)	 DMSO	 (solvent),	 3	 μM	
MG132	or	100	nM	epoxomycin	for	16h,	or	(B)	 incubated	at	37°C	or	30	°C	for	40h.	Subsequently,	cells	were	 lysed	and	protein	
expression	was	determined	by	western	blot	analysis.	To	facilitate	comparison,	ATP8B1	signal	intensity	of	the	experiment	depicted	
was	quantified	using	Image	J,	corrected	for	protein	loading	using	the	NaK-ATPase	signal,	and	presented	relative	to	the	average	of	the	
control	condition.	Experiments	are	performed	in	duplicate.
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cell	lysate,	only	minute	amounts	of	ATP8B1	G308V,	D454G	and	D554N	were	detected	in	
the	biotinylated	fraction.	ATP8B1	R1164X	signal	was	completely	absent	from	the	plasma	
membrane (Figure 4B). Together, these data demonstrate that ATP8B1 WT, L127P and 
G1040R	 are	 efficiently	 targeted	 to	 the	 plasma	 membrane	 in	 the	 presence	 of	 CDC50A.	
ATP8B1	I661T	is	distributed	between	the	ER	and	the	plasma	membrane	and	all	other	mutants	
are	virtually	exclusively	localized	in	the	ER.	

ATP8B1 mutations do not abolish the interaction with CDC50A 
Because	 CDC50A	 interaction	 is	 required	 for	 plasma	membrane	 localization	 of	ATP8B1,	
we	investigated	whether	this	association	is	impaired	due	to	any	ATP8B1	mutation.	ATP8B1	
WT	and	all	mutants	were	co-immunoprecipitated	with	CDC50A	(Figure	5).	Although	 the	
difference	in	expression	levels	of	the	ATP8B1	mutants	precluded	quantitative	assessment	of	
the	interaction,	this	finding	showed	that	none	of	the	ATP8B1	mutations	abolishes	CDC50A	
binding.	The	ER-localization	of	most	mutants	can	therefore	not	be	explained	by	an	inability	
to	interact	with	CDC50A.

Homology modeling points to structural changes in ATP8B1
In	order	to	get	more	detailed	insight	into	the	molecular	consequences	of	the	selected	mutations,	
we	constructed	a	homology	model	of	WT	ATP8B1	based	on	the	crystal	structure	of	the	related	
P-type Ca2+-ATPase	and	modeled	the	effects	of	individual	patient-associated	mutations	on	
protein	 structure	 (Figure	 6A	 and	 Supplementary	 Information).	 Substitutions	 p.L127P	 and	
p.G1040R	are	predicted	to	result	in	structural	changes	within	the	transmembrane	domains	of	
ATP8B1 (Figure 6B and 6F). The p.G308V mutation causes a destabilizing rearrangement in 
the	ATP8B1	Actuator	domain	(Figure	6C),	which	likely	influences	the	association	between	
the	Actuator	and	Phosphorylation	domains	(indicated	A	and	P	in	Figure	6A),	two	ATP8B1	
structural domains that are highly conserved in all P-type ATPases. D454 and D554 are close 
together	in	the	cytosolic	core	of	the	protein,	and	are	critical	for	the	catalytic	cycle	of	P-type	
ATPases	 (Figure	6D).	 I661	 is	 a	 fully	exposed	 residue,	 located	 in	 the	Nucleotide	binding-
domain (N-domain) (Figure 6E). The I661T mutation does not seem to result in major 
structural	changes	within	ATP8B1,	in	line	with	the	relatively	mild	clinical	consequences	of	
this	mutation	(18,	29).	ATP8B1	R1164X	lacks	three	helical	turns	of	the	last	transmembrane	
helix	 (shown	green	 in	Figure	6A),	and	80	C-terminal	 residues,	whose	structure	could	not	
be	reliably	predicted.	Together,	these	modeling	data	support	the	hypothesis	that	most	of	the	
studied	mutations	result	in	significant	structural	alterations.
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Figure 3. Localization of ATP8B1 mutants and CDC50A.
Localization	 of	ATP8B1	WT	 and	mutants	was	 determined	 in	 transiently	 transfected	U2OS	 cells	 by	 immunocytochemistry.	 (A) 
ATP8B1	WT	and	CDC50A	were	transfected	separately	and	protein	localization	was	respectively	visualized	using	rabbit	anti-VSV-G	
(left)	and	FITC	conjugated	anti-V5	antibodies	(right).	(B)	ATP8B1	WT	and	mutants	were	co-expressed	with	CDC50A.	Merged
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pictures	demonstrate	the	predominant	colocalization	of	both	proteins	for	all	mutations	analyzed.	(C)	ATP8B1	WT	and	mutants	were	
co-expressed	with	CDC50A.	ATP8B1	protein	and	the	ER	were	visualized	using	rabbit	anti-VSV-G	(in	red)	and	mouse	anti-protein	
disulfide	 isomerase	 (PDI;	 in	 green),	 respectively.	Merged	pictures	 demonstrate	 the	ER-localization	of	ATP8B1	G308V,	D454G,	
D554N,	I661T	and	R1164X,	whereas	ATP8B1	WT,	L127P	and	G1040R	were	largely	excluded	from	the	ER	and	were	present	at	the	
plasma membrane.
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Figure 4. Reduced expression of ATP8B1 mutants at the plasma membrane. 
Localization	of	ATP8B1	WT	and	mutants	was	determined	in	transiently	transfected	U2OS	cells	by	cell	surface	biotinylation.	Cells	
were	 incubated	with	sulfo-NHS-ss-biotin	 to	covalently	 label	proteins	residing	at	 the	cell	surface,	 lysed	and	biotinylated	proteins	
precipitated	using	neutravidin-beads.	The	ATP8B1	plasma	membrane	abundance	was	quantified	using	western	blot	analysis	and	the	
transferrin	receptor	(TfR)	was	used	as	a	control	plasma	membrane	protein.	(A)	CDC50A	co-expression	is	required	to	detect	ATP8B1	
in	the	biotinylated	fraction.	Although	clearly	visible	in	the	lysate	(indicated	‘input’),	no	ATP8B1	and	CDC50A	signal	was	detected	
in	the	neutravidin	bound	fraction	when	biotin	was	ommited	(indicated	by	‘no	biotin’)	(B)	Plasma	membrane	localization	of	ATP8B1	
WT	and	mutants	was	determined	in	the	presence	of	CDC50A.
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Figure 5. ATP8B1 mutations do not abolish interaction with CDC50A.
HEK293T	cells	were	transiently	transfected	with	pCB7-ATP8B1	only	or	cotransfected	with	CDC50A-V5	and	ATP8B1	WT	or	
mutants.	Cells	were	lysed	and	lysate	incubated	with	anti-V5,	immobilized	on	agarose	beads.	(A)	The	immunoprecipitates	were	
analyzed	by	immunoblotting	with	anti-ATP8B1	(upper	panel)	or	anti-V5	(lower	panel).	(B)	Similarly,	samples	from	the	total	
lysates	were	analyzed	by	western	blot	analysis.	ATP8B1	WT	and	mutants	specifically	co-precipitated	with	CDC50A.	Omission	of	
CDC50A	transfection	resulted	in	total	abolishment	of	ATP8B1	signal	in	the	anti-V5	precipitate.	ATP8B1	expression	in	the	lysate	
was	readily	detectable	in	this	condition,	albeit	at	reduced	levels	compared	to	situations	when	CDC50A	was	co-expressed.
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4-PBA-mediated up-regulation of ATP8B1 protein expression and cell surface 
abundance
We	investigated	whether	treatment	with	the	pharmacological	chaperone	4-PBA	ameliorated	
the	low	expression	of	ATP8B1	mutants.	ATP8B1	G308V	protein	expression	was	significantly	
increased by 4-PBA treatment in a dose-dependent manner (Figure 7A). Total cellular 
expression	of	ATP8B1	G308V,	D454G,	D554N	and	R1164X	was	induced	2-5	fold	by	4-PBA-
treatment	 (Figure	 7B).	 Interestingly,	 protein	 expression	 of	ATP8B1	 I661T	 and	 G1040R,	
showing	only	mildly	reduced	expression	levels	in	control	conditions,	also	poorly	responded	
to	 4-PBA	 treatment.	ATP8B1	WT	 expression	 was	 not	 stimulated	 by	 4-PBA,	 suggesting	
specific	up-regulation	of	otherwise	misfolded	proteins.	
Subsequently,	 cell	 surface	 biotinylation	 was	 performed	 to	 determine	 whether	 4-PBA	
stimulated	the	trafficking	of	ATP8B1	mutants	to	the	cell	surface.	Neither	ATP8B1	nor	the	
transferrin	 receptor	 (used	 as	 a	 loading	 control)	 was	 detected	 when	 biotin	 was	 omitted,	
indicating	 the	 specificity	of	 the	 signal	 for	 cell	 surface	 resident	 proteins.	ATP8B1	G308V,	
D454G	 and	D554N	 showed	 a	 1.5-2	 fold	 increase	 in	 plasma	membrane	 expression	 upon	
4-PBA	treatment	(Figure	8B).	Despite	increased	protein	expression	upon	4-PBA	treatment	no	
ATP8B1	R1164X	signal	was	detectable	at	the	cell	surface	in	either	condition.	Interestingly,	
ATP8B1	 I661T	 abundance	 in	 the	 biotinylated	 fraction	was	 strongly	 enhanced	 (5-10-fold)	
upon	4-PBA	treatment,	suggesting	markedly	improved	trafficking	to	the	plasma	membrane	
(Figure	8A,	B).	The	reverse	occurred	when	cells	were	cultured	at	40	°C.	This	temperature	
increase	 resulted	 in	 a	 significant	 decrease	 in	 the	 amount	 of	ATP8B1	 I661T,	 but	 not	WT	
protein	at	the	cell	surface	(Figure	8C).	Neither	expression	of	ATP8B1	I661T	in	the	lysate	nor	
the	amount	of	transferrin	receptor	at	the	plasma	membrane	changed	as	a	result	of	incubation	
at 40 °C. 

Figure 6. Homology modeling suggests structural changes in ATP8B1 mutants.
A	homology	model	of	ATP8B1	was	constructed	based	on	sequence	alignment	with	other	P-type	ATPases	and	available	structural	
data. (A)	In	the	figure	of	the	model,	the	transmembrane	helices	are	sequentially	numbered.	Conserved	structural	domains	generally	
identified	in	P-type	ATPases	(A;	actuator	domain;	P;	phosphorylation	domain;	N;	nucleotide	binding	domain)	are	indicated	and	the	
location	of	the	various	mutations	is	highlighted	in	green.	(B)	The	p.L127P	substitution	significantly	disturbs	the	structure	of	the	first	
transmembrane	helix,	because	the	helical	hydrogen	bond	can	no	longer	be	formed,	and	its	side-chain	bumps	strongly	(indicated	by	
yellow	arrow)	into	Y123	of	the	preceding	turn.	(C)	G308	is	part	of	a	beta	strand	in	the	A-domain.	p.G308V	adds	a	huge	hydrophobic	
side-chain,	but	there	is	not	enough	space	available.	The	resulting	atomic	overlaps	(red	arrows)	can	influence	the	nearby	E234	residue,	
involved	in	the	association	between	the	A-	and	P-domain.	(D) D454 in the P-domain is an essential conserved residue in P-type 
ATPases:	it	accepts	the	γ-phosphate	from	ATP	during	the	catalytic	cycle.	p.D454G	would	completely	destroy	this	function.	Depicted	
in	the	same	panel	is	residue	D554,	present	in	the	N-domain	and	tightly	associated	with	R652	via	two	direct	hydrogen	bonds	(shown	
in	yellow).	The	latter	binds	the	β-phosphate	of	ATP.	The	p.D554N	mutation	is	predicted	to	have	dramatic	functional	consequences:	
the	new	NH2	group	forces	a	rearrangement	in	the	ATP	binding	site.	(E)	I661	is	located	in	the	N-domain,	immediately	downstream	
of	a	beta	strand,	at	the	beginning	of	a	highly	variable	surface	loop.	p.I661T	results	in	major	structural	changes	within	ATP8B1.	(F) 
G1040	forms	a	crucial	contact	point	in	a	region	of	transmembrane	helix	7	which	is	tightly	packed	against	helix	5	and	no	space	for	
a	side-chain	 is	available.	Consequently,	almost	every	atom	of	 the	mutant	arginine	side-chain	bumps	 into	 transmembrane	helix	5	
(especially	F959),	disrupting	the	native	arrangement	of	the	transmembrane	helices.	R1164	is	most	likely	placed	close	to	the	end	of	
the	last	transmembrane	helix.	The	truncation	mutant	thus	misses	three	helical	turns	(shown	in	green	in	Figure	6A)	as	well	as	the	80	
most	carboxyterminal	residues.	Molecular	graphics	were	created	with	www.YASARA.org.
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Discussion

ATP8B1	 deficiency	 constitutes	 a	 potentially	 lethal	 form	 of	 intrahepatic	 cholestasis.	 We	
and	 others	 have	 previously	 identified	 many	 distinct	 mutations	 in	ATP8B1 (1, 3, 16-19). 
Correlations	between	missense	mutations	and	phenotypes	of	 individual	patients	 remained	
limited,	because	most	mutations	are	confined	to	only	few	patients	and	because	of	the	high	
variation	in	penetrance	and	clinical	presentation.	Furthermore,	the	molecular	consequence	of	
ATP8B1	mutations	remained	largely	unexplored.	Here,	we	combined	protein	expression	and	
localization	studies	with	homology	modeling	to	demonstrate	the	effects	of	selected	ATP8B1 
mutations	on	the	protein	level.	These	studies	have	high	relevance	for	the	patient	population	

affected	with	ATP8B1	deficiency,	since	three	of	the	selected	mutations;	p.	G308V	detected	in	
Amish	families,	p.D554N	in	Greenland	Inuit	and	p.I661T	in	most	European	BRIC1	patients,	
are	the	most	frequently	identified	mutations,	together	affecting	the	vast	majority	of	all	patients	
characterized	with	ATP8B1	deficiency.
Although	 our	 data	 do	 not	 fully	 explain	 the	 large	 variability	 in	 clinical	 presentation,	 they	
demonstrate	that	ATP8B1	deficiency	presents	as	a	protein	folding	disease,	for	a	surprisingly	
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Figure 7. 4-PBA mediates upregulation of ATP8B1 
expression.
Cells	were	transiently	co-transfected	with	pCB7-ATP8B1	
and	pcDNA3-CDC50A	and	incubated	with	0.1,	2.5	and	
5	(A:	for	G308V)	or	5	mM	4-PBA	for	40h	(B).	ATP8B1	
expresssion	 in	 cell	 lysates	 was	 quantified	 by	 western	
blot	 analysis	 followed	 by	 densitometry	 using	 Image	 J.	
ATP8B1	 signal	 intensity	 of	 the	 experiment	 depicted	
was	 corrected	 for	 protein	 loading	 using	 NaK-ATPase	
expression,	and	presented	relative	to	average	of	control	
condition	in	brackets	below	each	panel.	Experiments	are	
depicted as duplicates.
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large	majority	of	 the	 selected	mutations.	This	 conclusion	 is	 supported	by	 several	 lines	of	
evidence.	 First,	 with	 the	 exception	 of	 ATP8B1	 L127P,	 all	 ATP8B1	 mutants	 displayed	
significantly	 reduced	 protein	 expression,	 whereas	 mRNA	 expression	 was	 unaffected.	
Second,	the	recovery	of	ATP8B1	mutant	expression	upon	MG132	and	epoxomycin	treatment	
indicates	that	increased	proteasomal	degradation	is	a	common	consequence	of	these	ATP8B1	
mutations. Third, incubation at reduced temperature has been demonstrated to restore proper 
folding	of	mutated	proteins,	and	increased	ATP8B1	mutant	expression	was	observed	when	
cells	were	cultured	at	30	°C.	Fourth,	most	ATP8B1	mutants	showed	minimal	plasma	membrane	
localization.	 Instead	 they	 were	 retained	 in	 the	 ER.	 Fifth,	 homology	 modeling	 predicted	
significant	changes	in	the	ATP8B1	structure	due	to	the	various	mutations.	In	conclusion,	in	
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Figure 8. 4-PBA regulates ATP8B1 abundance at the plasma membrane.
Cells	were	 transiently	co-transfected	with	pCB7-ATP8B1	and	pcDNA3-CDC50A	and	 incubated	with	0,1,2.5,	5	 (A:	 for	ATP8B1	
I661T),	or		5	mM	4-PBA	for	40h	(B)	or	incubated	at	40°C	for	40h	(C:	for	ATP8B1	I661T).	Cells	were	subsequently	incubated	with	
sulfo-NHS-ss-biotin	to	covalently	label	proteins	residing	at	the	cell	surface,	lysed	and	biotinylated	proteins	were	precipitated	using	
neuravidin-coupled	beads.	The	ATP8B1	plasma	membrane	abundance	was	quantified	using	western	blot	analysis	and	the	transferrin	
receptor	(TfR)	used	as	a	control	plasma	membrane	protein.	ATP8B1	expresssion	at	the	cell	surface	was	quantified	by	western	blot	
analysis	 followed	by	densitometry	using	Image	J.	ATP8B1	signal	 intensity	of	 the	experiment	depicted	was	corrected	for	protein	
loading	using	expression	of	the	transferrin	receptor,	and	presented	relative	to	average	of	control	condition	in	brackets	below	each	
panel.	Experiments	are	depicted	as	duplicates.
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most	cases,	ATP8B1	deficiency	is	a	consequence	of	protein	misfolding,	resulting	in	reduced	
expression	at	the	plasma	membrane.	In	vitro,	a	further	reduction	of	ATP8B1	I661T	protein	
abundance	at	the	cell	surface	occurs	when	cells	are	cultured	at	40°C.	This	may	suggest	that	
temporary	decrease	in	ATP8B1	abundance	at	the	plasma	membrane	could	trigger	the	onset	of	
a	cholestatic	episode	in	BRIC1	patients	afflicted	with	the	p.I661T	mutation,	as	patients	report	
that	episodes	are	sometimes	preceded	by	fever.
Current	treatment	of	ATP8B1	deficiency	has	major	obstacles.	Reduction	of	the	(hydrophobic)	
bile	salt	pool	using	ursodeoxocholate	or	cholestyramine	is	only	rarely	effective	(2).	Surgical	
and/or	endoscopic	drainage	of	bile	salts	is	more	successful,	but	involves	invasive	procedures	
(20,	 21).	 The	 characterization	 of	ATP8B1	 deficiency	 as	 a	 folding	 disorder	 permitted	 to	
investigate	the	efficacy	of	pharmacological	chaperones	to	restore	expression	of	ATP8B1	at	
the	plasma	membrane,	aiming	to	design	novel	therapy	for	patients	with	ATP8B1 mutations. 
We	selected	4-PBA	for	these	studies,	because	it	is	a	clinically	approved	drug	for	treatment	
of	a	variety	of	human	disorders	originating	or	manifesting	in	the	liver.	These	include	urea	
cycle	disorders,	where	4-PBA	is	used	short	term	in	dosages	exceeding	the	concentration	used	
in	 this	 study.	 Importantly,	 this	 drug	 also	 ameliorates	 cell	 surface	 abundance	 of	 a	 number	
of	misfolded	and	mislocalized	membrane	proteins	with	 relevance	 to	human	 liver	disease.	
These include ABCB11	 p.E297G	 and	 p.D482G,	 identified	 in	 PFIC2	 patients,	 and	 CFTR	
∆F508,	the	most	common	mutation	associated	with	CF	(9,	22).	Clinical	trials	demonstrated	
that 4-PBA treatment resulted in increased chloride conductance in CF patients (23). In our 
study,	4-PBA	treatment	stimulated	the	protein	expression	and/or	cell	surface	abundance	of	
ATP8B1 G308V, D454G, D554N and I661T in vitro.	Amelioration	of	cell	surface	expression	
was	 most	 prominent	 for	 the	 latter	 mutant,	 with	 a	 dramatic	 increase	 in	 ATP8B1	 I661T	
accessible	for	biotinylation.	However,	verification	whether	ATP8B1	I661T	at	the	cell	surface	
is	functional	appeared	impossible	as	we	could	not	detect	ATP8B1-mediated	internalization	of	
fluorescently	labeled	phosphatidylserine	upon	co-expression	of	ATP8B1	WT	and	CDC50A	
(data	 not	 shown).	 Furthermore,	 it	 is	 currently	 unclear	 to	what	 level	ATP8B1	 cell	 surface	
abundance	needs	to	be	restored	to	relieve	patients	from	an	ATP8B1	deficiency	phenotype,	
and	whether	ATP8B1	needs	to	be	catalytically	active	for	this.	Given	the	episodic	character	of	
cholestatic	attacks	in	BRIC1	patients,	and	the	predominant	absence	of	clinical	symptoms	in	
heterozygous	carriers,	we	propose	that	partial	restoration	of	cell	surface	expression	by	4-PBA	
might	already	provide	clinical	improvement	in	BRIC1.	A	substantial	proportion	of	BRIC1	
patients	carry	at	least	one	p.I661T	allele,	and	many	are	homozygous	for	p.I661T.	Whether	the	
episodic	character	of	BRIC1	even	precludes	the	need	for	long-term	administration	of	4-PBA	
in these patients, needs to be investigated in clinical trials once the in vivo	efficacy	has	been	
ascertained.
In	conclusion,	 the	results	of	 this	study	investigating	6	missense	and	1	nonsense	mutation,	
indicate	that	future	therapy	aiming	to	restore	ATP8B1	expression	at	the	plasma	membrane	
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probably	needs	to	be	tailored	to	specific	genetic	defects,	and	emphasize	the	need	for	continued	
detailed	and	systematic	analysis	of	ATP8B1	mutations	that	possibly	result	in	folding	defects.	
Treatment	with	pharmacological	chaperones	 like	4-PBA,	might	present	a	clinically	useful	
approach	to	increase	the	amount	of	ATP8B1	mutant	protein	at	the	cell	surface,	especially	in	
patients	with	episodic	presentation	of	ATP8B1	deficiency.	The	large	proportion	of	folding	
mutations	detected	in	this	study,	in	a	parallel	analysis	of	mutations	in	ATP7B	associated	with	
Wilson Disease (Van den Berghe et al., unpublished results), and in previous studies (10, 22) 
indicate	the	relevance	of	this	strategy	to	hereditary	liver	disease	in	general.	
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Supplemental experimental procedures 

Molecular modeling of ATP8B1
The	homology	model	of	ATP8B1	was	built	using	the	crystal	structure	of	the	sarco/endoplasmic	
reticulum	calcium	ATPase	from	Oryctolagus cuniculus	as	a	template	(PDB	file	2ZBD	(21),	
the	 one	with	 the	 best	WHAT_CHECK	 results	 (1)).	The	 alignment	 between	ATP8B1	 and	
2ZBD	was	created	with	T-Coffee	(2)	as	described	previously	(3).	Due	to	the	low	sequence	
identity,	the	alignment	around	the	mutations	described	here	was	additionally	validated	using	
Phyre	(4)	and	mGenThreader	(5).	The	actual	model	was	built	with	YASARA	as	described	(3),	
including	 the	SCWRL	 side-chain	 prediction	 algorithm	 (6)	 and	high-resolution	 refinement	
(7).	The	coordinates	are	available	from	the	authors	upon	request.	Molecular	graphics	were	
created	with	www.YASARA.org.
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Cloning primers 5'-3' primer sequence
hATP8B1 AscI start GGCGCGCCTTAGTACAGAAAGAGACTCAGAA
hATP8B1 stop NheI GCGCGCTAGCTCAGCTGTCCCCGGTGCGCCTGTACTC
L127P forward TTATATTTCCTGGCTCC TCTTATCTTACAGGCA
L127P reverse TGCCTGTAAGATAAGAGGAGCCAGGAAATATAA
G308V forward ACCGATTTCTGCCACGTCTTAGTCATTTTTGCA
G308V reverse TGCAAAAATGACTAAGACGTGGCAGAAATCGGT
D454G forward CATTATATCTTCTCTGGTAAGACGGGGACACTC
D454G reverse GAGTGTCCCCGTCTTACCAGAGAAGATATAATG
D554N forward CAGGCAGCCTCTCCCAATGAAGGTGCCCTGGTA
D554N reverse TACCAGGGCACCTTCATTGGGAGAGGCTGCCTG
I661T forward CTTTGCTACAAGGAAAC TGAAGAAAAAGAATTT
I661T reverse AAATTCTTTTTCTTCAGTTTCCTTGTAGCAAAG
G1040R forward GTAAGCTTGTTGCATAGGGTCCTAACATCGATG
G1040R reverse CATCGATGTTAGGACCCTATGCAACAAGCTTAC
R1164X forward CCCGTCGTTGCCATTTGATTCCTGTCAATGACC
R1164X reverse GGTCATTGACAGGAATCAAATGGCAACGACGGG

qRT-PCR primers 5'-3' primer sequence
hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) forward TGACCTTGATTTATTTTGCATACC
hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) reverse CGAGCAAGACGTTCAGTCCT
hygromycin phosphotransferase forward AGGCCGTGGTTGGCTTGTAT
hygromycin phosphotransferase reverse GACCAATGCGGAGCATATACG
ATP8B1 forward GCATTTTAATTTACAGGCACAG
ATP8B1 reverse GACGGGTAGTAAGCACACAG

Supplemental Tables. primers used in this study.
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Abstract 

Members	 of	 the	 P4	 family	 of	 P-type	ATPases	 (P4	ATPases)	 are	 believed	 to	 function	 as	
phospholipid	 flippases	 in	 complex	 with	 CDC50	 proteins.	 Mutations	 in	 the	 human	 class	
1 P4 ATPase gene ATP8B1	 cause	 a	 severe	 syndrome	 characterized	 by	 impaired	 bile	flow	
(intrahepatic	cholestasis)	often	leading	to	end-stage	liver	failure	in	childhood.	In	this	study,	
we	determined	the	specificity	of	human	class	1	P4	ATPases	interactions	with	CDC50	proteins	
and	the	functional	consequences	of	these	interactions	on	protein	abundance	and	localization	
of	 both	 protein	 classes.	ATP8B1	 and	ATP8B2	 co-immunoprecipitated	with	CDC50A	 and	
CDC50B,	while	ATP8B4	and	ATP8A1	only	associated	with	CDC50A.	ATP8B1	shifts	from	
ER	to	the	plasma	membrane	upon	coexpression	of	CDC50A	or	CDC50B.	ATP8A1	protein	
translocated	from	the	ER	to	the	Golgi	and	plasma	membrane	upon	coexpression	of	CDC50A,	
but not CDC50B. ATP8B2 and ATP8B4 already displayed partial plasma membrane 
localization	in	the	absence	of	CDC50	coexpression	but	displayed	a	large	increase	in	plasma	
membrane	abundance	upon	coexpression	of	CDC50A.	ATP8B3	did	not	bind	CDC50A	and	
CDC50B	and	was	 invariably	present	 in	 the	ER.	Our	data	 show	 that	 interactions	between	
CDC50 proteins and class 1 P4	ATPases	are	essential	for	ER	exit	and	stability	of	both	subunits.	
Furthermore,	the	subcellular	localization	of	the	complex	is	determined	by	the	P4 ATPase, not 
the	CDC50	protein.	The	interactions	of	CDC50A	and	CDC50B	with	multiple	members	of	
the human P4	ATPase	family	suggest	that	these	proteins	perform	broader	functions	in	human	
physiology	than	thus	far	assumed.C
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Introduction

P-type	ATPases	are	ATP-powered	pumps	transporting	a	 large	variety	of	substrates	present	
in bacteria, archaea and eukaryotes. Based on sequence similarity, they are divided into 5 
families	 or	 types:	 P1- P5. Members	 of	 the	 P4	 family	 of	 P-type	ATPases	 (P4 ATPases) are 
exclusively	expressed	by	eukaryotes	and	are	considered	prime	candidates	to	serve	a	role	as	
(amino)phospholipid	translocases	(also	called	flippases)(1,	2).	Through	knock	down,	knock	
out or gene mutations studies, P4	ATPase	 function	 is	 investigated	 in	 different	 organisms.	
These studies demonstrated that P4	ATPase	 function	 is	 important	 in	 membrane	 stability,	
vesicle	 biogenesis	 and	 vesicular	 trafficking	 (3-10).	 Mutations	 in	 members	 of	 the	 Lem3/
Cdc50	(CDC50)	protein	family	lead	to	identical	phenotypes	as	mutations	in	P4 ATPases in 
yeast,	as	association	with	CDC50	proteins	is	required	for	P4	ATPases	function	(11-15).
In	yeast,	the	Cdc50	family	consists	of	three	members	Crf1p,	Cdc50p	and	Lem3/Ros3p	(16).	
All	three	mediate	ER	exit	of	(specific)	yeast	P4 ATPases and enable these proteins to reach 
their	correct	subcellular	location	(11,	15,	17).	In	humans,	little	is	known	about	the	function	
of	CDC50	proteins	in	relation	to	P4 ATPases. Humans have three CDC50 genes; CDC50A, 
CDC50B	and	CDC50C	(18).	Full	 length	transcripts	of	human	CDC50A	and	CDC50B	are	
found	 in	multiple	 tissues.	CDC50C	 is	 a	 testis	 specific	 expressed	gene,	 but	 no	 full	 length	
transcripts	have	been	found	in	hominoids	(19).	Fourteen	P4	ATPase	genes	are	identified	in	the	
human	genome	(20,	21).	This	suggests	that	CDC50	proteins	may	associate	with	more	than	
one P4 ATPase or that there are P4	ATPases	which	operate	on	their	own.	At	present	it	is	not	
clear	why	the	human	genome	harbors	so	many	P4	ATPases.	It	is	unknown	if	these	proteins	
have	specialized	functions	at	cellular	level	or	that	P4	ATPase	family	members	perform	similar	
functions,	but	are	expressed	in	a	tissue–specific	manner.	
ATP8B1 is the only P4	ATPase	 so	 far	which	 is	unequivocally	 linked	 to	 a	human	disease.	
Mutations in the ATP8B1	gene	cause	ATP8B1	deficiency	(22),	a	severe	autosomal	recessive	
syndrome	characterized	by	a	variety	of	symptoms	(23-25).	The	most	prominent	presentation	
is	intrahepatic	cholestasis	(impairment	of	bile	flow),	which	can	lead	to	fatal	liver	damage.	
Next	to	liver,	ATP8B1	is	amongst	others	highly	expressed	in	intestine	and	cochlear	hair	cells.	
Impaired	ATP8B1	function	in	these	organs	can	lead	to	diarrhea	and	impaired	hearing	(24,	
25).	Paulusma	and	coworkers	 investigated	 the	 role	of	CDC50	family	members	on	human	
ATP8B1	(26).	ATP8B1	showed	a	functional	interaction	with	CDC50A	and	it	was	subsequently	
suggested that CDC50A might play a role in ATP8B1-related disease. P4 ATPases are divided 
into subclasses based on sequence homology (21, 27) and ATP8B1 belongs to the class 1 
P4	ATPases.	Other	prominent	members	of	this	class	are	ATP8A1	(previously	called	ATPase	
II)	which	is	the	first	cloned	mammalian	flippase	(28)	and	ATP8B3,	a	testis-specific	member	
important	 for	 male	 fertility	 in	mice	 (29,	 30).	 Little	 is	 known	 about	 the	 other	 class	 1	 P4 



C
ha

pt
er

 4

88

ATPases,	 especially	 in	 humans.	 In	 this	 study	we	 determined	 the	 specificity	 of	 class	 1	 P4 
ATPases	 interactions	with	CDC50	proteins.	Furthermore,	we	demonstrated	 the	 functional	
consequences	of	these	interactions	on	cellular	location	and	plasma	membrane	abundance	of	
both protein classes. 

Experimental procedures

DNA constructs
pcDNA3.1-CDC50A-V5	 and	 pCB7-VSV-ATP8B1	 were	 described	 previously	 (31).	 The	
open	 reading	 frame	of	 human	ATP8B1	was	 subcloned	 into	 pcDNA3.1	with	 a	C-terminal	
HA	tag.	Open	reading	frames	of	human	CDC50B,	ATP8B2	and	ATP8B4		(RZPD,	Berlin,	
Germany,	Kazusa	DNA	Research	institute	Chiba,	Japan)	were	subcloned	in	pcDNA3.1	with	
a	C-terminal	HA	 tag.	Human	 testis	 and	hippocampus	RNA	 (Invitrogen)	was	 treated	with	
Superscript II reverse transcriptase (Invitrogen) and used respectively to clone ATP8B3 and 
ATP8A1.	ATP8B3	was	cloned	into	pCB7	with	an	N-terminal	VSV-G	tag	and	ATP8A1	into	
the	pEBB-vector	(32)	with	a	C-terminal	HA	tag.	All	constructs	were	verified	by	sequence	
analysis. 

Fluorescence microscopy
Human	bone	osteosarcoma	(U2OS)	cells	were	cultured	in	Dulbecco’s	Modified	Eagle	medium	
Glutamax	 (Invitogen)	 supplemented	with	 10%	 fetal	 bovine	 serum	 (Gibco)	 and	 100	U/ml	
penicillin/streptomycin	 (Gibco)	under	5%	CO2	 at	37ºC.	Cells	were	 transiently	 transfected	
with	polyethylenimine	(PEI).	After	two	days,	cells	were	fixed	using	paraformaldehyde	and	
P4	ATPase	proteins	visualized	using	rabbit	anti-VSV-G	(for	ATP8B1	and	ATP8B3)	or	mouse	
anti-HA	 (for	 ATP8B2,	 ATP8B4	 and	 ATP8A1).	 Co-labeling	 of	 ER-marker	 proteins	 was	
performed	either	with	rabbit-anti-calreticulin	(Alexis	biochemicals)	(for	ATP8B2,	ATP8B4	
and	ATP8A1)	or	mouse-anti-Protein	Disulfide	 Isomerase	 (PDI)	 (Abcam,	Cambridge,	UK)	
(for	ATP8B1	 and	ATP8B3).	 Co-labeling	 with	 the	 Golgi	 marker	 mouse	 anti-p58	 (Sigma,	
St.	 Louis,	MO,	USA)	was	 performed	 for	ATP8A1.	 Secondary	 antibodies	 used	were	 goat	
anti-rabbit-Alexa568	(Invitrogen),	goat	anti-rabbit-Alexa488	(Invitrogen),	goat	anti-mouse-
Alexa488	(invitrogen),	goat	anti-mouse-alexa568	(Invitrogen)	and	donkey	anti-mouse-Cy5	
(Jackson	ImmunoResearch	Laboratories	Inc.	West	Grove,	PA,	USA).	CDC50	proteins	were	
visualized using FITC-conjugated mouse anti-V5 (Invitrogen, Carlsbad, CA, USA). Images 
were	acquired	using	a	LSM710	Meta	confocal	microscope	equipped	with	a	63x/1.40	N.A	
Plan-Apochromat	objective	(Carl	Zeiss,	Jena,	Germany)	by	sequential	excitation	at	488	and	
561 nm.
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Cell surface biotinylation
U2OS	 cells	 were	 transfected	 using	 PEI.	 Two	 days	 after	 transfection,	 proteins	 at	 the	 cell	
surface	were	 biotinylated	 and	 isolated	 as	 described	 (31).	 P4 ATPase and CDC50 proteins 
in	 cell	 lysates	 and	 in	 the	 neutravidin-precipitates	were	 analyzed	 by	 immunoblot	 analyses	
using rabbit anti-VSVg (Abcam), mouse anti-HA (sigma, PD7 clone) and mouse anti-V5 
(Invitrogen).	 Incubation	 of	 the	 blots	 with	mouse	 anti-transferrin	 receptor	 (Zymed,	 South	
San	Francisco,	CA,	USA)	was	routinely	performed	as	a	loading	control.	Mouse	anti-HSP90	
(Cell	Signalling	Technologies,	Beverly,	MA,	USA)	was	used	to	probe	for	cytosolic	proteins	
and	was	consistently	absent	from	the	neutravidin-precipitate.	Secondary	antibodies	used	for	
detected	are	goat	 anti-mouse-HRP	 (Pierce,	Rockford,	 IL,	USA)	and	goat	 anti-rabbit-HRP	
(DAKO,	Carpinteria,	CA).	

Co-immunoprecipitation
Co-immunoprecipitation	analysis	was	performed	as	described	previously	(31).	Precipitated	
proteins	were	analyzed	by	immunoblot	analysis	using	rabbit	anti-V5	(Sigma)	to	detect	CDC50	
proteins	and	rabbit	anti-VSV-G	(ATP8B3)	or	HRP-conjugated	mouse	anti-HA	(Sigma)(for	
ATP8B1, ATP8B2, ATP8B4 and ATP8A1).

Results

Protein-protein interactions of P4 ATPases and CDC50 proteins. 
The	 interaction	 of	 CDC50A	 and	 CDC50B	 with	 ATP8B1	 was	 investigated	 by	 co-
immunoprecipitations	 using	 transiently	 transfected	 U2OS	 cells.	 Upon	 coexpression	 of	
ATP8B1	and	CDC50A	or	CDC50B,	specific	anti-V5	tag	signal	was	detected	as	broad	bands	
at	~50	kDa	in	cell	lysates	(Figure	1A;	upper	panels)	and	V5-precipitates	(Figure	1A,	lower	
panel),	in	line	with	the	predicted	size	of	glycosylated	CDC50	proteins.	ATP8B1	efficiently	
co-immunoprecipitated	with	 both	CDC50A	 and	CDC50B.	No	 signal	was	 detected	 in	 the	
precipitated	 fraction	 using	 lysates	 of	 untransfected	 cells	 (NT)	 or	 cells	 transfected	 with	
ATP8B1	only.	Similarly,	the	interactions	of	other	human	class	1	P4	ATPases	with	CDC50A	
and	CDC50B	were	determined.	ATP8B2	was	detected	as	a	single	band	at	~140	kDa,	in	line	
with	its	predicted	molecular	weight	(Figure	1B,	upper	panels).	ATP8B2	co-precipitated	with	
both	CDC50A	and	CDC50B	(Figure	1B,	lower	panels).	ATP8B3	was	well	detected	at	~145	
kDa	(Figure	1C,	upper	panels)	and	did	not	co-precipitate	with	CDC50A	or	CDC50B	(Figure	
1C,	lower	panels).	Finally,	both	ATP8B4	and	ATP8A1	associated	specifically	with	CDC50A	
(Figure 1D and E). P4	ATPase	signal	in	immunoprecipitates	was	not	detected	when	V5-tagged	
CDC50A	or	CDC50B	were	not	coexpressed,	indicating	the	specificity	of	the	procedure.
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Figure 1. Protein-protein interactions of P4 ATPases and CDC50 proteins.	U2OS	cells	were	transiently	transfected	with	P4 
ATPase	only	or	cotransfected	with	P4	ATPase	and	CDC50A	or	CDC50B.	Protein	expression	of	P4 ATPases and CDC50 proteins 
in	total	lysates	was	determined	by	immunoblot	using	anti-HA-antibody	(A,B,D,E) or by using anti-VSVG-antibody (C). CDC50 
proteins	were	visualized	by	anti-V5	antibody	and	as	a	loading	control	transferrin	receptor	(TfR)	was	used.	Total	cell	lysates	were	
incubated	with	anti-V5	antibody	immobilized	on	agarose	beads.	Immunoprecipitates	(IP)	were	subsequently	immunoblotted	for	
P4	ATPase	and	CDC50	protein	expression.	ATP8B1	and	ATP8B2	associated	with	CDC50A	and	CDC50B,	whereas	ATP8B4	and	
ATP8A1	only	associated	with	CDC50A.	ATP8B3	did	bind	neither	CDC50A	nor	CDC50B.	NT	indicates	non-transfected	cells
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Expression levels of P4 ATPases are enhanced upon CDC50A or CDC50B coexpression. 
From	 the	 lysate	 blots	 of	 the	 co-immunoprecipitation	 experiments	 we	 noticed	 that	 the	
P4	ATPase	 signal	 in	 the	 total	 lysate	was	dependent	on	CDC50	expression.	 	Coexpression	
of	 CDC50A	 strongly	 increased	 the	 total	 cellular	 expression	 level	 of	 ATP8B1,	 ATP8B4	
and	ATP8A1	 (Figure	 1A,D,E)	 compared	 to	 expression	 levels	 of	 these	 P4	ATPases	 when	
transfected	alone.	Cotransfection	of	CDC50B	only	increased	expression	levels	of	ATP8B1	
(Figure	1A)	while	none	of	the	other	P4	ATPases	showed	this	effect	(Figure	1B-E).	In	contrast,	
cotransfection	of	CDC50	proteins	had	no	effect	on	total	cellular	expression	of	ATP8B2	and	
ATP8B3 (Figure 1B,C). 

Subcellular translocation of class 1 P4 ATPases proteins  upon coexpression of CDC50 
proteins. 
We	 investigated	 the	 effect	 of	 CDC50A	 or	 CDC50B	 coexpression	 on	 the	 subcellular	
localization	 of	 class	 1	 P4	ATPases	 by	 confocal	 microscopy.	 In	 the	 absence	 of	 CDC50A	
protein	coexpression,	ATP8B1,	ATP8B3	and	ATP8A1	localized	to	the	endoplasmic	reticulum	
(ER)	in	transiently	transfected	U2OS	cells,	illustrated	by	the	significant	colocalization	with	
ER-marker	proteins	calreticulin	and	PDI.	ATP8B2	and	ATP8B4	showed	plasma	membrane	
localization	 and	 additional	 minor	 colocalization	 with	 ER-markers	 (upper	 row	 of	 panels	
Figure	 2A-E).	Upon	 coexpression	 of	CDC50A	 or	CDC50B,	ATP8B1	 localization	 shifted	
to	the	plasma	membrane,	where	it	colocalized	with	the	CDC50	proteins	(Figure	2A).	Such	
dramatic	 translocation	 upon	 coexpression	 of	 CDC50A	 or	 CDC50B	was	 less	 obvious	 for	
ATP8B2 and ATP8B4, as they already resided at the plasma membrane (Figure 2B and D). 
Significant	colocalization	with	CDC50A	was	observed	for	ATP8B2	and	ATP8B4	at	the	plasma	
membrane,	whereas	CDC50B	resided	predominantly	in	the	ER	(Figure	2B	and	D).		Upon	
coexpression	with	CDC50A,	ATP8A1	translocated	to	the	Golgi	and	the	plasma	membrane	
(Figure	 2E,F	 and	Supplemental	 Figure	 1A,B).	CDC50A	 colocalized	with	ATP8A1	 in	 the	
Golgi	and	the	plasma	membrane.	In	contrast,	upon	CDC50B	coexpression	ATP8A1	remained	
in	the	ER	(Figure	2E	and	Supplemental	Figure	2E).	No	effect	of	CDC50	coexpression	was	
seen	on	the	subcellular	localization	of	ATP8B3,	which	resided	in	all	cases	at	the	ER	(Figure	
2C). 
 
Coexpression of CDC50A and/or CDC50B enhances plasma membrane expression 
of P4 ATPases. 
The P4	ATPase	translocation	to	the	plasma	membrane	upon	coexpression	of	CDC50	proteins	
was	investigated	by	cell	surface	biotinylation.	Coexpression	of	CDC50A	strongly	enhanced	
the	cell	surface	expression	of	ATP8B1,	ATP8B2,	ATP8B4	and	ATP8A1	(Figure	3A,B,D,E).	
ATP8B3	 was	 undetectable	 in	 the	 biotinylated	 fraction	 both	 in	 the	 presence	 and	 absence	
of	 CDC50	 proteins	 (Figure	 3C).	 Furthermore,	ATP8B1	 was	 the	 only	 class	 1	 P4 ATPase 
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Figure 2. Subcellular localization of P4 ATPases and CDC50 proteins in U2OS cells. 
Cells	were	transiently	transfected	with	P4	ATPase	alone	(upper	panels	A-E)	or	cotransfected	with	P4 ATPase and CDC50A (middle 
panels	A-E,F)	or	CDC50B	(lower	panels	A-E).	Using	confocal	microscopy,	P4	ATPases	were	visualized	with	mouse-anti-HA	followed	
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with	 markedly	 enhanced	 plasma	 membrane	 expression	 when	 CDC50B	 was	 coexpressed	
(Figure	3A).	CDC50A	was	detected	in	the	biotinylated	fraction	in	the	presence	of	ATP8B1,	
ATP8B2,	ATP8B4	and	ATP8A1,	whereas	CDC50B	was	only	detected	in	this	fraction	upon	
coexpression	of	ATP8B1	and	ATP8B2.	Neither	CDC50A	nor	CDC50B	were	present	in	the	
biotinylated	fraction	upon	coexpression	of	ATP8B3.	Transferrin	receptor	(TfR)	signal	was	
similar	in	all	conditions,	assuring	equal	loading.	Omission	of	Sulfo	NHS-ss-biotin	(no	biotin)	
during	the	cell	surface	labeling	precluded	binding	of	P4 ATPases, CDC50A and CDC50B to 
the	neutravidin	beads	and	no	signal	for	these	proteins	was	detected	in	non	transfected	(nt)	
cells	(Figure	3A-E).	Furthermore,	we	could	not	detect	cytosolic	HSP70	in	the	neutravidin	
precipitates,	 demonstrating	 the	 specificity	 of	 the	 assay	 for	 cell	 surface	 proteins	 (data	 not	
shown).

CDC50 proteins are dependent on P4 ATPases for ER exit and expression. 
Figure	1	to	3	showed	that	CDC50	proteins	are	determinants	of	the	expression	and	localization	
of	several	of	the	P4 ATPases	under	investigation	in	this	study.	Reversely,	we	investigated	if	
the	expression	and	localization	of	CDC50A	and	CDC50B	were	dependent	on	coexpression	
of	a	P4	ATPase.	CDC50A	transiently	transfected	in	U2OS	cells	localized	at	the	ER.	CDC50B	
resides	in	the	ER	and	shows	residual	plasma	membrane	localization	(Figure	4A).	CDC50A	
translocates	 from	 the	 ER	 to	 the	 plasma	 membrane	 when	 coexpressed	 with	 ATP8B1,	
ATP8B2,	ATP8B4	or	ATP8A1	and	colocalizes	with	the	P4 ATPase at the plasma membrane 
or	Golgi	complex.	Cell	surface	biotinylation	experiments	further	demonstrated	that	CDC50A	
and	 CDC50B	 plasma	 membrane	 expression	 was	 strongly	 enhanced	 when	ATP8B1	 was	
cotransfected	 (Figure	 4B).	 Limited	 amounts	 of	 CDC50A	 and	 CDC50B	 are	 detectable	 in	
the	 biotinylated	 fraction	 in	 the	 absence	 of	ATP8B1	 coexpression	 upon	 longer	 exposures	
of	the	film	(not	shown).	Finally,	both	CDC50A	and	CDC50B	expression	is	enhanced	upon	
coexpression	of	ATP8B1,	as	seen	in	Figure	5B,	lower	panels.		

Discussion

To	 date,	 fourteen	 P4	 and	 three	 CDC50	 genes	 are	 identified	 in	 humans	 (18,	 20,	 21,	 27).	
This suggests that 1 CDC50 protein binds multiple P4 ATPases, or that some P4 ATPases 
function	without	CDC50.	For	the	majority	of	the	human	P4	ATPases,	no	information	on	the	
interaction	with	CDC50	proteins	or	consequence	of	this	has	been	described.	In	this	study,	we	

by	goat-anti-mouse-alexa568	(A,B,D,E),	with	rabbit-anti-VSVg	and	goat-anti-rabbit-568	(C), or rabbit-anti-ATP8A1 and goat-anti-
rabbit 568 (E)	.	CDC50A	and	CDC50B	were	visualized	using	a	FITC-conjugated	mouse-anti-V5	antibody.	P4	ATPases	transfected	
alone	were	co-stained	with	goat-anti-rabbit	calreticulin	(A,B,D,E),	with	mouse-anti-protein	disulfide	isomerise	(PDI,	Figure	C) to 
visualise	the	ER.	Cells	cotransfected	with	ATP8A1	and	CDC50A	were	co-stained	with	rabbit	anti-ATP8A1,	FITC-conjugated	mouse-
anti-V5	and	mouse	anti-p230	(Golgi-marker,	upper	panels	F)	or	mouse-anti-protein	disulfide	isomerise	(PDI)	(lower	panels	F).
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systematically	determined	the	association	of	class	1	P4	ATPases	with	CDC50	proteins	and	the	
functional	consequence	on	subcellular	location	and	protein	abundance.	We	demonstrate	that	
CDC50	proteins	are	pivotal	for	expression	and	localization	of	human	class	1	P4 ATPases. This 
relationship is dual as P4	ATPases	are	equally	important	for	the	expression	and	localization	of	
CDC50	proteins.	There	are	three	lines	of	evidence	that	support	this	conclusion.
First, the class 1 P4 ATPases and CDC50 proteins promiscuously interact as demonstrated 
with	co-immunoprecipitations	(Figure	1).	CDC50A	interacts	with	four	of	the	five	investigated	
P4	ATPases,	while	CDC50B	 interacts	with	 two	P4	ATPases.	CDC50A	and	CDC50B	were	
previously	 identified	 as	 interaction	 partners	 of	ATP8B1	 (26).	 Here	 we	 demonstrate	 that	
CDC50A	not	 only	 interacts	with	ATP8B1,	 but	 also	with	ATP8B2,	ATP8B4	 and	ATP8A1	
(Figure	 1).	 Furthermore,	 CDC50B	 also	 interacts	 with	 ATP8B2.	 Interaction	 of	 CDC50	
proteins	with	several	P4	ATPase	family	members	was	previously	reported	in	other	species.	
The S. cerevisiae	CDC50	protein	Lem3p	interacts	with	both	Dnf1p	and	Dnf2p	(15,	17).	In	
addition,	 it	was	 recently	 shown	 that	 three	Arabidopsis thaliana CDC50 proteins, ALIS2, 
ALIS3	and	ALIS4,	all	interact	with	ALA2	and	ALA3,	two	plant	P4 ATPases (14, 33). 

Second, the CDC50-P4 ATPase interactions considerably enhance the total cellular 
expression	levels	of	the	P4	ATPases.	Total	cellular	expression	levels	of	all	of	the	P4 ATPases 
except	ATP8B2	strongly	increased	upon	coexpression	of	an	interaction-competent	CDC50	
protein	(Figure	1).	This	relation	is	interdependent	because	coexpression	of	an	interacting	P4 
ATPase	with	CDC50A	or	CDC50B	also	resulted	in	increased	total	cellular	expression	of	the	
CDC50	proteins	(Figure	4).	Stimulation	of	protein	expression	as	a	functional	consequence	of	
interactions	with	CDC50	proteins	was	previously	observed	for	yeast	Cdc50	family	members	
and P4	ATPases	(34),	but	was	not	investigated	in	detail.	The	P2C ATPases, Na+/K+-ATPases 
and H+/K+-ATPases,	are	the	only	other	members	of	the	P-type	ATPase	superfamily	known	to	
interact	with	a	β-subunit	(35).	Interestingly,	also	P2C	ATPases	and	their	β-subunits	mutually	
depend	on	each	other	to	adopt	a	stable	configuration	and	to	be	exported	out	of	the	ER	(36).		

Third, the P4	ATPase	 -	CDC50	protein	 interactions	 have	 functional	 consequences	 for	 the	
subcellular	localization	of	P4	ATPases.	As	observed	by	confocal	microscopy	and	cell	surface	
biotinylation, P4	ATPases	 translocate	 to	 the	plasma	membrane	and/or	golgi	complex	upon	
coexpression	of	an	interacting	CDC50	protein	(Figure	2A,C,E).	In	the	absence	of	associated	
CDC50	protein,	a	large	fraction	of	P4	ATPase	protein	is	present	at	the	ER,	in	particular	ATP8B1	

Figure 3. Coexpression of CDC50A and/or CDC50B enhances plasma membrane expression of P4 ATPases. 
U2OS	cells	were	 transiently	 transfected	with	P4	ATPase	only,	or	cotransfected	with	P4	ATPase	and	CDC50A	or	CDC50B.	After	
48	hours	of	 transfection,	cell	surface	resident	proteins	were	 labeled	with	sulfo-NHS-SS-biotin	and	precipitated	from	cell	 lysates	
using	neutravidin	beads.	Precipitates	(biotinylation)	and	total	cell	lysates	were	immunoblotted	for	P4 ATPases, CDC50 proteins and 
transferrin	receptor	(TfR).	Signal	of	P4	ATPases,	CDC50	or	TfR	was	not	detected	when	biotin	was	omitted	(no	biotin)	in	the	cell	
surface	labelling	or	in	non	transfected	(NT)	cells.
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and ATP8A1. ATP8B2 and ATP8B4 partially reside at the plasma membrane in U2OS cells 
without	 exogenous	 coexpression	 of	 CDC50	 proteins,	 as	 shown	 by	 confocal	 microscopy.	
However,	with	 cell	 surface	 biotinylation	 experiments	we	 showed	 that	ATP8B1,	ATP8B2,	
ATP8B4	and	ATP8A1	plasma	membrane	expression	was	strongly	enhanced	upon	coexpression	
of	CDC50A.	Again,	this	relationship	of	P4 ATPase and CDC50 proteins is interdependent, 
CDC50	proteins	expressed	individually	localize	at	the	ER	(Figure	4A).	Coexpression	of	an	
interacting P4	ATPase	results	in	significant	CDC50	protein	translocation	as	was	demonstrated	
by	confocal	microscopy	and	cell	surface	biotinylation	(Figure	4).	Association	with	ATP8A1	
results	in	translocation	to	the	Golgi	and	plasma	membrane,	whereas	association	with	ATP8B1,	
ATP8B2 and ATP8B4 targets CDC50A to the plasma membrane (Figure 1A,B,D,E). Because 
different	P4	ATPases	 localize	 to	different	subcellular	compartments	while	 they	all	 interact	
with	CDC50A,	this	suggests	that	the	subcellular	localization	signals	reside	within	the	human	
P4	ATPase.	Similarly,	López-Marqués	and	coworkers	 recently	showed	 that	 in	Arabidopsis 
the	subcellular	localization	of	P4	ATPases	after	ER	exit	is	independent	of	the	nature	of	the	
associated	 CDC50	 protein	 (33).	 Furthermore,	 localization	 of	ALIS	 proteins	 (Arabidopsis 
CDC50	proteins)	is	different	when	coexpressed	with	distinct	plant	P4 ATPases.
It	is	unclear	if	the	ER	localization	of	ATP8B3	represents	its	functional	localization	or	is	the	
result	 of	 an	 inability	 of	ATP8B3	 to	 interact	with	CDC50A	 or	CDC50B.	Mouse	ATP8B3	
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Figure 4. CDC50 proteins are dependent on P4 ATPases for ER 
exit and expression.
U2OS	 cells	 were	 transiently	 transfected	 with	 CDC50A	 (upper	
panel)	 or	 CDC50B	 (lower	 panel)	 and	 visualized	 with	 V5-
conjugated-FITC	 using	 confocal	 microscopy.	 The	 ER	 was	
visualized	with	goat-anti-rabbit	calreticulin	antibody	(A). U2OS 
cells	were	transiently	transfected	with	CDC50A	or	CDC50B	only,	
or	with	CDC50A	and	ATP8B1,	or	CDC50B	and	ATP8B1
(B).	Forty-eight	hours	after	transfection	cell	surface	proteins	were	labelled	with	sulfo-NHS-SS-biotin	and	precipitated	from	lysates	
using	neutravidin	beads.	Total	lysates	(upper	panels)	and	precipitates	(biotinylation,	lower	panels)	were	subsequently	immunoblotted	
for	CDC50	proteins	and	ATP8B1.	The	transferrin	receptor	(TfR)	was	used	as	a	loading	control.	Plasma	membrane	expression	of	
CDC50’s,	ATP8B1	or	TfR	was	not	detected	when	biotin	was	omitted	 (no	biotin)	 in	 the	cell	 surface	 labelling.	NT	 indicates	non	
transfected	cells.
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and its close homologue FetA, both localize to the acrosomal ridge in sperm cells (a Golgi-
derived	organelle)(29,	30,	37).	In	contrast	to	the	situation	in	mouse,	which	displays	CDC50C	
expression	in	testes,	no	full	length	transcripts	of	CDC50C	are	found	in	humans,	providing	a	
possible	rationale	for	this	difference	(19).
The	 linkage	 between	ATP8B1	mutations	 and	 human	 disease	 suggest	 that	 this	 P4 ATPase 
displays	a	unique	biological	function.	In	that	respect	it	is	remarkable	that,	with	the	exception	
of	ATP8B3,	all	class	1	P4 ATPases are (partially) present at the plasma membrane. 
In yeast, the P4	ATPase	Drs2p	cannot	 compensate	 for	 loss	of	Dnf1p	and	Dnf2p,	 two	P4-
ATPases	 that	 localize	 to	 the	 plasma	 membrane	 (9).	 Interestingly,	 Drs2p	 shows	 highest	
homology	with	ATP8A1	and	is	also	predominantly	localized	to	the	Golgi.	Furthermore,	it	is	
doubtful	whether	ATP8B2	and	ATP8B4	are	coexpressed	with	ATP8B1	at	the	apical	plasma	
membrane	of	polarized	cells.	At	least	in	intestinal	cells	ATP8B2	and	ATP8B4	are	virtually	
not	expressed,	even	after	knock	down	of	ATP8B1	(38)(Chapter	5).
Taken	together,	we	demonstrate	here	that	human	CDC50	proteins	are	essential	for	ER	exit	of	
most class 1 P4 ATPases and P4	ATPases	are	equally	important	for	ER	exit	of	CDC50	proteins.	
Furthermore,	 our	 data	 indicate	 that	 subcellular	 localization	 of	 the	 complex	 is	 determined	
by the P4	ATPase,	and	 that	 they	are	 likely	 to	operate	at	 the	plasma	membrane,	except	 for	
ATP8A1	(Golgi)	and	ATP8B3	(ER	or	unknown).	Finally,	the	interactions	of	CDC50A	and	
CDC50B	with	multiple	members	of	the	human	P4	ATPase	family	suggest	that	these	proteins	
perform	broader	functions	in	human	physiology	than	thus	far	assumed.	
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Supplemental experimental procedures 

Generation of ATP8A1 antibody
Human	ATP8A1	 and	ATP8A2	 share	 an	 overall	 67%	 amino	 acid	 sequence	 identity.	 The	
N-terminus	 of	 ATP8A1	 was	 identified	 as	 sufficient	 diverse	 from	 ATP8A2	 to	 generate	
specific	antibodies	against	this	region	of	the	protein	(Supplemental	Figure	1A).	A	mixture	
of		two	peptides	(MPTMRRTVSEIRSRA-C	and	EGYEKTDDVSEKTSL-C)	derived	from	
the	N-terminus	of	ATP8A1,	 coupled	 to	KLH	 (Keyhole	 limpet	 hemocyanin)	were	used	 to	
immunize	rabbits.	Synthesis	of	the	peptides,	immunization	of	the	rabbits	and	collection	of	
antisera	 was	 performed	 by	 Eurogentec	 (Eurogentec	 S.A.,	 Liège,	 Belgium).	 The	 antisera	
production	 yielded	 anti-ATP8A1-SN1830	 which	 specifically	 recognizes	 overexpressed	
ATP8A1 in U2OS cells (Supplemental Figure 1B).

/   /... /...
/...
/...
/...
/...
/...

Anti-ATP8A1 
(SN1830)

ATP8A1

Anti-HA merge

A

B

Supplemental Figure 1. Anti-ATP8A1 antibody. 
Alignment	of	N-termini	of	human	class	1	P4 ATPases.	Boxed	in	red	are	the	peptides	used	to	generate	anti-ATP8A1	antibodies	
displaying minimal	sequence	identity	with	other	P4 ATPases.	The	GenBank	accession	numbers	used	for	the	alignment	are	
ATP8A1(NM_006095),	ATP8A2(NM_016529),	ATP8B1(NM_005603),	ATP8B2	(NM_020452),	ATP8B3	(NM_138813)	and	
ATP8B4	(NM_024837).	This	antibody	resulted	in	specific	staining	in	ATP8A1	transfected	U2OS cells,	which	completely	
colocalized	with	the	anti-HA	signal.	ATP8A1	protein	was	visualized	with	mouse-anti-HA	followed	by	goat-anti-mouse-alexa488	
and	with	Anti-ATP8A1-SN1830	antibody	followed	by	goat-anti-rabbit-568.
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Supplemental Figure 2. Subcellular localization of P4 ATPases in U2OS cells. 
Cells	were	transiently	cotransfected	with	P4	ATPase	and	CDC50A	(upper	panels	A-E)	or	with	P4	ATPase	and	CDC50B	(lower	
panels A-E). P4	ATPases	were	visualized	with	mouse-anti-HA	followed	by	goat-anti-mouse-alexa568	(A,B,D,E),	or	with	rabbit-
anti-VSVg and goat-anti-rabbit-568 (C).	The	ER	was	visualised	with	goat-anti-rabbit	calreticulin	(A,B,D,E)	or	with	mouse-anti-
protein	disulfide	isomerise	(PDI)	(C).	Little	ATP8B1,	ATP8B2,	ATP8B4	and	ATP8A1signal	remained	in	the	ER	marker	when	these	
P4	ATPases	were	coexpressed	with	CDC50A.
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Abstract 

Mutations in ATP8B1 cause	familial	intrahepatic	cholestasis	type	1,	a	spectrum	of	disorders	
characterized	by	 intrahepatic	cholestasis,	 reduced	growth,	deafness	and	diarrhea.	ATP8B1	
belongs	 to	 the	P4	P-type	ATPase	 family	 of	 putative	 aminophospholipid	 translocases,	 and	
loss	of	 aminophospholipid	asymmetry	 in	 the	canalicular	membranes	of	ATP8B1-deficient	
liver	cells	has	been	proposed	as	the	primary	cause	of	impaired	bile	salt	excretion.	To	explore	
the	 origin	 of	 the	 hepatic	 and	 extrahepatic	 symptoms	 associated	with	ATP8B1	 deficiency,	
we	investigated	the	impact	of	ATP8B1	depletion	on	the	domain-specific	aminophospholipid	
translocase	activities	and	polarized	organization	of	polarized	epithelial	Caco-2	cells.	Caco-2	
cells	were	stably	transfected	with	short	hairpin	RNA	constructs	to	block	ATP8B1	expression.	
Aminophospholipid	 translocase	 activity	 was	 assessed	 using	 spin-labeled	 phospholipids.	
The	 polarized	 organization	 of	 these	 cells	 was	 determined	 by	 pulsechase	 analysis,	 cell-
fractionation,	 immunocytochemistry	 and	 transmission	 electron	 microscopy.	 ATP8B1	
was	abundantly	expressed	 in	 the	apical	membrane	of	Caco-2	cells	and	 its	expression	was	
markedly	 induced	 during	 differentiation	 and	 polarization.	 Blocking	 ATP8B1	 expression	
by	RNAi	affected	neither	aminophospholipid	transport,	nor	the	asymmetric	distribution	of	
aminophospholipids across the apical bilayer. Nonetheless, ATP8B1-depleted Caco-2 cells 
displayed	profound	perturbations	in	apical	membrane	organization,	including	a	disorganized	
apical	 actin	 cytoskeleton,	 a	 loss	 in	microvilli,	 and	 a	 post-transcriptional	 defect	 in	 apical	
protein	expression.
Conclusion: Our	findings	point	to	a	critical	role	of	ATP8B1	in	apical	membrane	organization	
that is unrelated to its presumed aminophospholipid translocase activity, yet potentially 
relevant	 for	 the	development	of	cholestasis	and	 the	manifestation	of	extrahepatic	 features	
associated	with	ATP8B1	deficiency.
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Introduction

Mutations in ATP8B1 cause	familial	intrahepatic	cholestasis	type	1	or	ATP8B1	deficiency,	a	
severe	liver	disease	characterized	primarily	by	impaired	bile	salt	secretion	from	liver	into	bile	
(1).	ATP8B1	deficiency	was	originally	described	as	progressive	intrahepatic	cholestasis	type	
1	(PFIC1)	(2)	and	benign	recurrent	intrahepatic	cholestasis	type	1	(BRIC1)	(3).	Clinically,	
this disorder is characterized by cholestasis, and may cause progressive liver scarring. 
Patients	with	ATP8B1	deficiency	also	suffer	 from	multiple	extrahepatic	symptoms,	which	
include	intractable	diarrhea,	malabsorption,	pancreatitis,	hearing	loss,	and	growth	retardation	
(4).	 Importantly,	 these	 extrahepatic	 symptoms	 are	 not	 fully	 resolved	 after	 orthotopic	
liver	 transplantation	 (4,	 5).	The	 expression	of	ATP8B1	 is	not	 restricted	 to	 the	 canalicular	
membrane	of	hepatocytes(6,	7),	but	extends	to	many	different	epithelial	cell	types	(7-9).	This	
implies	that,	besides	the	role	of	ATP8B1	in	bile	salt	secretion,	the	overall	pathophysiology	of	
ATP8B1	deficiency	is	the	result	of	a	more	general	cellular	defect.
ATP8B1	is	a	member	of	the	P4-subfamily	of	P-type	ATPases	(P4-ATPases).	This	subfamily	
comprises	 14	 human	proteins,	 several	 of	which	have	 been	 linked	 to	 human	disease	 (10).	
P4-ATPases	 have	 been	 implicated	 in	 the	 catalysis	 of	 inward	 aminophospholipid	 (APL)	
translocation.	This	activity	is	essential	for	the	creation	and	maintenance	of	APL	asymmetry	
in	membranes	of	eukaryotic	cells	(11-16).	Loss	of	the	yeast	S. cerevisiae P4-ATPases	Dnf1p	
and	 Dnf2p	 blocks	 the	 non-endocytic	 uptake	 of	 fluorescent	 NBD-labeled	APL	 analogues	
across	the	plasma	membrane	and	causes	aberrant	exposure	of	APLs	at	the	cell	surface(17,	
18).	Similarly,	heterologous	expression	of	ATP8B1	has	been	shown	to	stimulate	the	uptake	
of	 NBD-labeled	 phosphatidylserine	 (PS)	 in	 a	mutant	 Chinese	 hamster	 ovary	 (CHO)	 cell	
line	defective	in	PS	transport	(7,	19).	A	role	of	ATP8B1	as	APL	translocase	(APLT)	in	the	
canalicular	membrane	of	hepatocytes	is	further	substantiated	by	the	lumenal	accumulation	
of	NBD-PS	in	ATP8B1-deficient	hepatocytes	(20)	and	the	enhanced	recovery	of	PS	in	bile	
from	Atp8b1G308V/G308V mutant	mice	after	infusion	of	taurocholate(21).	Based	on	these	
and	 other	 findings,	 it	 has	 been	 postulated	 that	ATP8B1	 dysfunction	 causes	 phospholipid	
randomization	 in	 the	 apical	 membrane	 of	 polarized	 cell	 types	 such	 as	 enterocytes	 and	
hepatocytes.	 In	 hepatocytes	 this	 would	 sensitize	 the	 canalicular	 membrane	 to	 enhanced	
extraction	of	cholesterol	by	hydrophobic	bile	salts,	leading	to	intrahepatic	cholestasis	(21).
Human	intestinal	epithelial	Caco-2	cells,	as	a	model	of	polarized	epithelium	 in vivo, have 
been	used	extensively	 to	 investigate	 the	mechanisms	 involved	 in	maintaining	cell	 surface	
polarity.	To	further	explore	the	origin	of	the	apical	membrane	defects	associated	with	ATP8B1	
deficiency,	we	investigated	the	impact	of	blocking	ATP8B1	expression	on	the	domain-specific	
APLT	activities	as	well	as	on	the	functional	organization	of	polarized	Caco-2	cells.
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Experimental procedures

Cell culture and RNAi
Caco-2	 cells	 were	 cultured	 in	 Dulbecco’s	 Modified	 Eagle’s	 Medium	 (DMEM).	
Lipofectamine2000	 was	 used	 to	 stably	 transfect	 Caco-2	 cells	 with	 pSUPER.retro	 empty	
vector	(Dr.	R.	Agami,	The	Netherlands	Cancer	Institute,	Amsterdam,	The	Netherlands)	or	
pSUPER.retro	 containing	ATP8B1-specific	 RNAi	 targeting	 sequences	 (see	 Supplemental	
experimental	 procedures).	 Clonal	 selection	 of	 stably	 transfected	 cells	 was	 performed	 in	
medium containing
4.5 μg/ml	 puromycin	 dihydrochloride	 (Sigma-Aldrich).	 Cells	 were	 passaged	 maximally	
10-15	 times	 after	 clonal	 selection.	 Permanent	 knockdown	 of	 ATP8B1	 expression	 was	
routinely	verified	by	immunoblot	analysis	after	each	passage	to	exclude	the	possibility	that	
the	knockdown	is	transient.	All	experiments	were	replicated	in	at	least	three	independently-
generated	ATP8B1	knockdown	clones	and	in	two	independent	empty	vector	control	clones	to	
exclude	potential	clonality	artifacts.

Quantitative RT-PCR (qRT-PCR)
RNA	 was	 isolated	 from	 Caco-2	 cells	 in	 biological	 quadruplicates.	 Quantitative	 reverse	
transcriptase	 PCR	 (qRT-PCR)	 reactions	 were	 performed	 as	 described	 in	 Supplemental	
experimental	procedures.

Immunoblotting and pulse-chase analysis
Caco-2	cells	were	lysed	in	RIPA	buffer.	SDS-PAGE,	immunoblotting,	pulse-chase	analysis	
and	antibody	incubation	are	described	in	Supplemental	experimental	procedures.

Confocal microscopy
Cells	grown	on	glass	coverslips	for	14	days	post-confluent	(dpc)	were	fixed,	 labeled	with	
primary	antibodies,	counterstained	with	Alexa-conjugated	secondary	antibodies	and	imaged	
by	a	confocal	microscope	(D-eclipse	C1;	Nikon)	as	described	in	Supplemental	experimental	
procedures.

Subcellular membrane fractionation
Cells	were	 seeded	 on	 permeable	Transwell	 filter	 supports	 (0.4	 μm pore size, Costar, the 
Netherlands)	and	grown	11-14	dpc.	Cells	were	biotinylated	on	either	the	apical	or	basolateral	
side,	and	membranes	were	fractionated	by	sucrose-step	gradient	centrifugation	as	described	
in	 Supplemental	 experimental	 procedures.	 Fractions	 were	 subjected	 to	 SDS-PAGE.	
Biotinylated	proteins	were	stained	using	HRP-conjugated	Neutravidin	(Invitrogen).
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Lipid transport assay on suspension cells and filter-grown cells
Lipid	transport	assays	were	performed	essentially	as	described	(22),	with	some	modifications	
as	detailed	 in	Supplemental	methods.	Briefly,	cells	grown	on	Transwell	filter	supports	 for	
11	dpc	were	labeled	apically	or	basolaterally	with	SL-PL	at	4ºC.	Filters	were	incubated	at	
10ºC	for	0-60	min	and	back-extraction	by	4%	BSA	was	performed	for	10	min	at	4ºC.	Lipid	
analogues	were	reoxidized	and	quantified	as	described	(22).

Drug sensitivity assay
To	determine	PS	or	PE	exposure	in	the	outer	leaflet	of	the	plasma	membrane	cells	grown	to	
14	dpc	in	96	well	plates	were	incubated	with	papuamide	B	(Flintbox)	or	cinnamycin	(Sigma-
Aldrich)	for	15	min,	respectively.	As	a	measure	for	membrane	damage	induced	by	papuamide	
B	or	cinnamycin	the	lactate	dehydrogenase	–(LDH)	release	in	the	medium	was	determined.	
Control	 cells	were	 either	 incubated	with	medium	 supplemented	with	DMSO	 (solvent	 for	
papuamide	and	cinnamycin)	or	in	medium	containing	1%	Triton-X100.	Experiments	were	
performed	in	quadruplicate.

Electron microscopy
Cells	were	 seeded	 on	PTFE	membranes	 (Costar),	 differentiated	 for	 7	 or	 14	 dpc,	 fixed	 in	
glutaraldehyde,	postfixed	in	1%	OsO4,	and	embedded	in	Epon.	Ultra-thin	sections	(80	nm)	
were	stained	with	uranyl	acetate	and	lead	citrate	and	examined	using	a	Jeol	1010	transmission	
electron	microscope	as	described	in	Supplemental	experimental	procedures.

Results

ATP8B1 is an abundant P4 -ATPase in the apical membrane of Caco-2 cells
To	validate	Caco-2	cells	as	an	appropriate	model	system	for	investigating	ATP8B1	function	
at	 the	apical	membrane,	we	first	demonstrated	 that	ATP8B1	and	CDC50A,	an	 interacting	
protein	required	for	plasma	membrane	localization	of	ATP8B1	(19),	are	expressed	in	these	
cells	(Supplemental	Figure	S1).	Subsequent	qRT-PCR	experiments	revealed	that	ATP8B1	is	
among	the	most	abundantly	expressed	P4-ATPases,	regardless	of	 the	differentiation	status	
of	 the	 cells	 (Figure.	 1A).	 Immunoblotting	 showed	 that	ATP8B1	 protein	 levels	 gradually	
rise	up	to	13-fold	during	differentiation	(Figure.	1B).	When	differentiated	cells	were	treated	
with	 cycloheximide,	ATP8B1	 levels	 only	 declined	 1.3	 fold	 after	 4	 days	 of	 treatment.	 In	
contrast,	 COMMD1,	 a	 binding	 partner	 of	 the	 copper	 transporting	 P-type	ATPase	ATP7B	
(23),	was	completely	turned	over	within	2	days	(Figure.	1C).	Confocal	immunofluorescence	
microscopy	showed	that	ATP8B1	colocalizes	extensively	with	the	apical	membrane	protein	
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Figure 1.  ATP8B1 is an abundantly expressed P4-ATPase in the apical membrane of Caco-2 cells. 
(A)	Relative	mRNA	expression	levels	of	ATP8B1	and	five	most	closely-related	P4-ATPases	in	undifferentiated	(0	days	post-confluent,	
0	dpc)	and	differentiated	(14	dpc)	Caco-2	cells	were	quantified	by	qRT-PCR.	Data	were	normalized	relative	to	ATP8B1	expression	
at	0	dpc.	Error	bars:	SD	of	4	biological	replicates.	(B)	Cell	lysates	harvested	at	0,	5,	11	or	14	dpc	were	subjected	to	immunoblotting	
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aminopeptidase	N	 (CD13),	but	not	with	 the	 lateral	 adherence	marker	E-cadherin	 (Figure.	
1D).	The	apical	localization	of	ATP8B1	was	verified	by	subcellular	fractionation	on	sucrose	
density	 gradients	 after	 side-specific	 biotinylation	 of	 filter-grown	 Caco-2	 cells.	 Apical	
membranes	(peak	fractions	11,	12)	segregated	completely	from	basolateral	membranes	(peak	
fractions	2,3;	Figure.	1E).	The	fractionation	profile	of	ATP8B1	corresponded	to	that	of	the	
biotinylated apical proteins and the apical protein intestinal alkaline phosphatase (AP). In 
contrast,	fractions	containing	the	bulk	of	basolateral	proteins	E-cadherin	(E-cad)	and	Na+/
K+-ATPase	were	devoid	of	ATP8B1	(Figure.	1F).	Together,	these	results	reveal	that	ATP8B1	
is	 a	 stable	and	abundantly-expressed	P4-ATPase	 in	 the	apical	membrane	of	differentiated	
Caco-2	cells,	consistent	with	its	expression	in	apical	membranes	of	epithelial	cells	in vivo (8).

Aminophospholipid transport and asymmetry is unperturbed in ATP8B1-depleted Caco-2 
cells
To	mimic	ATP8B1	deficiency	 in	a	polarized	epithelial	cell	model,	we	created	Caco-2	cell	
lines	stably	transfected	with	one	of	two	different	ATP8B1	shRNA	constructs	(Figure.	2A).	
Several	 independently-isolated	clones	(i.e.	clones	A3,	A5,	B3)	showed	a	marked,	70-90%	
reduction in ATP8B1 protein levels relative to empty vector (EV) control cell lines (clones 
EV1,	EV2;	Figure.	2B).	This	reduction	of	ATP8B1	protein	expression	was	maintained	during	
at	 least	15	passages	after	 clonal	 selection	 (data	not	 shown).	Furthermore,	knock	down	of	
ATP8B1	did	not	induce	compensatory	expression	of	the	most	closely	related	P4	ATPases	as	
assessed	by	qRT-PCR,	nor	did	it	affect	the	mRNA	expression	of	CDC50A	(Figure.	2C).	The	
clonal	cell	line	A5	showed	the	most	pronounced	(approximately	90%)	reduction	in	ATP8B1	
levels.	Therefore,	most	 experiments	presented	 in	 this	work	concern	 the	A5	clone,	but	we	
excluded	potential	 transfection	 and	 clonality	 artifacts	by	 replication	of	 all	 experiments	 in	
clones	A3	and	B3,	using	both	EV1,	EV2	and	WT-cells	 as	 controls.	qRT-PCR	analysis	of	
intestinal	 differentiation	markers	 c-myc	 and	 villin	 (24)	 indicated	 that	 all	 clonal	 cell-lines	
retained	the	ability	to	undergo	normal	epithelial	differentiation	(Figure.	2D).
As	ATP8B1	 is	 believed	 to	 possess	APL	flippase	 activity	 (7,	 19),	we	 analyzed	 the	 impact	
of	RNAi-mediated	 depletion	 of	ATP8B1	 on	 the	movement	 of	 spin-labeled	 phospholipids	
(SL-PL)	from	the	outer	to	the	inner	leaflet	of	the	plasma	membrane	by	using	back-exchange	
to	 serum	 albumin	 (22).	 Initial	 experiments	 were	 performed	 with	 cells	 in	 suspension	 at	
reduced	 temperatures	 to	 suppress	 hydrolysis	 of	 the	 SL-PL	 into	 lysoderivatives	 and	 free	

using	antibodies	against	ATP8B1	and	tubulin.	ATP8B1	and	tubulin	protein	levels	were	quantified	by	densitometry.	ATP8B1	signal	
was	corrected	for	the	tubulin	loading	control	(average	of	two	experiments)	and	presented	relative	to	0	dpc.	(C)	Differentiated	Caco-2	
cells	were	incubated	with	cycloheximide	for	the	indicated	time	periods	and	subjected	to	immunoblotting	using	antibodies	against	
ATP8B1,	tubulin	and	COMMD1.	Protein	bands	were	quantified	as	in	(C)	(average	of	3	experiments)	and	presented	relative	to	0	days	
of	cycloheximide	treatment.	(D)	Confocal	microscopy	images	(X,Y	versus	Z-stacks)	of	cells	stained	with	antibodies	against	ATP8B1,	
CD13	and	E-cadherin	(E-cad).	Bar,	10	μm.	(E,F)	Filter-grown	Caco-2	cells	were	biotinylated	on	the	apical	or	basolateral	side	and	
analyzed	by	sucrose	density	gradient	fractionation.	Fractions	were	subjected	to	immunoblotting	using	HRP-conjugated	Neutravidin	
(E)	or	antibodies	against	ATP8B1,	intestinal	alkaline	phosphatase	(AP),	Na+/K+-ATPase	and	E-cad	(F).
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fatty	acids	(consistently	<10%)	and	to	prevent	endocytic	uptake.	When	incubated	at	20°C,	
EV1	 cells	 displayed	 a	 fast	 inward	movement	 of	 SL-phosphatidylserine	 (SL-PS)	 and	 SL-
phosphatidylethanolamine	 (SL-PE).	 In	 contrast,	 SL-phosphatidylcholine	 (SL-PC)	 was	
internalized	 at	 a	 considerably	 lower	 rate,	 while	 SL-sphingomyelin	 (SL-SM)	 was	 hardly	
taken	up	at	 all	 (Supplemental	Figure.	S2A).	The	 lipid	 transport	kinetics	 in	A5	cells	were	
indistinguishable	 from	 those	 in	 EV1	 cells;	 also	 when	 internalization	 rates	 were	 reduced	
by	lowering	the	temperature	to	10°C.	Under	these	conditions,	a	CHO-K1	mutant	cell	 line	
defective	 in	 PS	 transport	 (UPS-1)(25)	 displayed	 a	 marked	 reduction	 in	 SL-PS	 uptake	
compared	to	its	wild	type	counterpart	(Supplemental	Figure.	S2B).
To	discriminate	between	lipid	transport	activities	in	apical	and	basolateral	membranes,	we	
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Figure 2. Establishment of ATP8B1-depleted Caco-2 cell lines. 
(A)	Position	of	RNAi	target	sequences	A	and	B	in	the	coding	region	and	3’	UTR	of	the	ATP8B1	mRNA,	respectively.	(B) Total 
protein	extracts	of	clonal	Caco-2	cell	lines	stably	transfected	with	ATP8B1-targeting	shRNAs	(clones	A3,	A4,	A5,	B1,	B2,	B3)	or	
empty	vector	(clones	EV1,	EV2)	were	subjected	to	immunoblotting	using	antibodies	against	ATP8B1	and	actin.	(C)	Relative	mRNA	
levels	of	ATP8B1	and	the	five	most	closely	related	P4	ATPases	and	of	the	P4	ATPase	beta	subunit	CDC50A	in	differentiated	Caco-2	
cells	(CDC50B	is	not	expressed	in	Caco-2	cells).	ATP8B1	qRT-PCR	primers	amplify	a	region	in	the	5’	end	of	the	coding	region,	
which	explains	the	relative	minor	reduction	in	ATP8B1	mRNA	level	in	the	B3	clone	(see	Fig	2A).	Data	were	normalized	relative	
to	ATP8B1	expression	in	EV1	cells.	Error	bars:	SD	of	four	biological	replicates.	(D)	Relative	mRNA	levels	of	villin	and	c-myc	
in	undifferentiated	 (0	dpc)	and	differentiated	 (14	dpc)	cell	 lines	were	quantified	by	qRT-PCR.	Data	were	normalized	 relative	 to	
expression	in	clone	EV1	at	0	dpc.	Error	bars:	SD	of	4	biological	replicates.
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measured	 the	 kinetics	 of	 lipid	 uptake	 in	 differentiated	Caco-2	 cells	 grown	on	filters.	 SL-
PL	analogues	were	never	 found	 in	 the	BSA	medium	added	 to	 the	non-labeled	membrane	
domain,	 indicating	 the	presence	of	 intact	 tight	 junctions.	As	 shown	 in	Figure.	3A,	SL-PS	
was	efficiently	internalized	at	the	apical	and	basolateral	membranes	of	EV1	cells,	whereas	
the	 transbilayer	movement	of	SL-SM	was	slow.	The	SL-PS	uptake	rates	at	 the	apical	and	
basolateral	membranes	of	A5	cells	were	essentially	the	same	as	those	in	EV1	cells.	To	verify	
the	 apparent	 lack	 of	 any	 perturbation	 in	APLT	 kinetics,	 differentiated	WT,	 EV1	 and	 all	
ATP8B1	depleted	cell	 lines	were	 incubated	with	different	concentrations	of	papuamide	B	
and	cinnamycin,	 two	cytolytic	peptides	 that	require	binding	to	cell	surface-exposed	PS	or	
PE,	 respectively	 to	exert	 their	cytotoxicity	 (17,	26).	As	shown	 in	supplemental	Figure	S3	
and	 in	Figure.	3B/C,	all	cell	clones	were	equally	sensitive	 to	 these	apically	administered,	
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Figure 3. Aminophospholipid transport and asymmetry in the apical membrane of ATP8B1-depleted Caco-2 cells is unperturbed. 
(A)	Differentiated	EV1	or	A5	cells	grown	on	filters	were	incubated	with	SL-PS	or	SL-SM	on	either	the	apical	or	basolateral	side	at	
10ºC.	The	amount	of	SL-phospholipid	present	in	the	exoplasmic	leaflet	was	assessed	by	back	exchange	to	BSA	and	expressed	as	
the	percentage	of	total	label	added	at	time	zero.	SL-PS,	SL-phosphatidylserine;	SL-SM,	SL-sphingomyelin.	Differentiated	Caco-2	
cells	were	incubated	with	various	concentrations	of	the	PS-binding	peptide	papuamide	B	(B) or	with	various	concentrations	of	the	
PE-binding peptide cinnamycin (C).	Cytotoxic	membrane	damage	was	measured	by	determining	 the	amount	of	LDH	release	 in	
the	medium.	Experiments	were	performed	in	quadruplicate	and	one	representative	experiment	out	of	four	and	one	out	of	two	are	
respectively	shown	for	papuamide	B	and	cinnamaycin.	Error	bars	represent	SD	of	quadruplicates.
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APL-binding drugs. Together, these results indicate that ATP8B1 is largely dispensable 
for	maintenance	of	APL	flippase	activity	 and	APL	asymmetry	 in	 the	apical	membrane	of	
differentiated	Caco-2	cells,	although	we	cannot	exclude	the	possibility	that	residual	levels	
of	ATP8B1	may	be	sufficient	to	sustain	normal	APL	transport	and	phospholipid	asymmetry.

ATP8B1-depleted Caco-2 cells display a post-transcriptional defect in apical protein 
expression
As	P4-ATPase	dysfunction	is	often	accompanied	by	perturbations	in	membrane	trafficking	
from	and	to	the	plasma	membrane	(16,	18),	we	investigated	whether	loss	of	ATP8B1	affects	
the	 polarized	 delivery	 of	membrane	 proteins	 in	 differentiated	Caco-2	 cells.	As	 shown	 in	
Figure.	4,	the	bulk	of	basolateral	proteins	could	be	separated	from	apical	proteins	by	density	
gradient	 centrifugation.	Control	 (untransfected)	 cells	 and	A5	 cells	 essentially	 yielded	 the	
same	profiles	of	apically	and	basolaterally-biotinylated	proteins.	However,	apical	membranes	
isolated	from	A5	cells	consistently	migrated	to	a	lower	density	area	(compare	Figures.	1E	
and	4A),	suggesting	that	loss	of	ATP8B1	affects	the	global	composition	of	these	membranes.	
Immunofluorescence	 microscopy	 showed	 that,	 while	 the	 apical	 proteins	 AP,	 CD13	 and	
sucrase-isomaltase (SI) retained their normal polarized distribution in A5 cells, their labeling 
intensity	was	greatly	diminished	compared	 to	EV1	or	untransfected	Caco-2	cells	 (Figure.	
5A/B;	data	not	shown).	A	similar	reduction	in	apical	staining	of	these	proteins	was	observed	
in	A3	and	B3	cells.	Immunoblot	analysis	confirmed	that	AP	and	SI	levels	in	differentiated	A5,	
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Figure 4. Apical and basolateral proteins retain their polarized distribution in ATP8B1-depleted Caco-2 cells. 
(A,B)	Filter-grown	A5	cells	were	biotinylated	on	the	apical	or	basolateral	side	and	analyzed	by	sucrose	density	gradient	fractionation.	
Fractions	were	subjected	to	immunoblotting	using	HRP-conjugated	Neutravidin	(A)	or	antibodies	against	AP,	Na+/K+-ATPase	and	
E-cad (B).	Peak	fractions	from	control	gradients	–indicated	by	asterisks	in	Fig.	1E,F-are	marked	as	‘control’.	(C)	Refraction	indices	
representing	density	profiles	of	the	sucrose	gradients	used	for	fractionation	of	control	(Fig.	1	E,F) and A5 (Fig. 4 A,B).
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A3	and	B3	cells	were	3	to	10-fold	lower	than	in	EV1	or	untransfected	Caco-2	cells	(Figure.	
6A;	data	not	shown).	In	contrast,	the	expression	levels	of	the	basolateral	membrane	proteins	
Na+/K+-ATPase	and	E-cadherin,	or	the	tight	junction	protein	ZO-1	were	not	affected.	Hence,	
loss	of	ATP8B1	does	not	disrupt	the	polarized	delivery	of	membrane	proteins	in	differentiated	
Caco-2	 cells,	 but	 rather	 causes	 a	 general	 defect	 in	 apical	 protein	 expression.	This	 defect	
seems to occur at the post-transcriptional level, as ATP8B1-depleted and control cells contain 
similar	amounts	of	AP-encoding	mRNA	(Figure.	6B).	The	reduced	apical	levels	of	AP,	CD13	
and	SI	were	not	accompanied	by	an	increased	intracellular	staining	(Figure.	5B)	or	enhanced	
recovery	of	these	proteins	from	the	apical	medium	(data	not	shown).	This	indicates	that	the	
defect	in	apical	protein	expression	is	unlikely	due	to	perturbations	in	polarized	membrane	
trafficking	or	increased	shedding	of	the	apical	membrane.

To	further	address	the	origin	of	this	defect,	we	monitored	the	de novo synthesis and turnover 
of	the	apical	proteins	AP	and	SI	by	pulse-chase	immunoprecipitation	analysis.	The	level	of	
AP	biosynthesis	was	drastically	(approximately	15-fold)	reduced	in	differentiated	A5	cells	
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Figure 5. ATP8B1-depleted Caco-2 cells display a reduced staining of apical membrane markers.
(A)	Confocal	microscope	cross-sections	(Z-stacks)	of	differentiated	EV1	and	A5	cells	stained	with	antibodies	against	E-cad	and	AP	
and	aminopeptidase	N	(CD13).	In	panel	A	the	confocal	microscope	settings	were	adjusted	per	sample	for	optimal	detection.	Bar,	20	
μm.		(B)	Confocal	microscopy	projections	of	EV1)	and	ATP8B1-depleted	cells	(A3,	A5,	B3)	stained	with	antibodies	against	ATP8B1,	
AP	and	CD13,	E-cad,	and	ZO-1.	Confocal	images	of	all	samples	in	panel	B	were	taken	using	the	same	confocal	microscope	settings.		
Bar,	10	μm.
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compared	to	EV1	cells	(Figure.	7A;	data	not	shown).	A5	cells	also	displayed	a	substantial	
(approximately	3-fold)	reduction	in	the	level	of	SI	biosynthesis.	Similar	reductions	in	apical	
protein	 biosynthesis	were	 observed	 in	 other	ATP8B1-depleted	 clones,	with	 the	 degree	 of	
reduction	showing	a	good	correlation	with	 the	 level	of	ATP8B1	depletion	 in	 these	clones	
(Figure.	 7B).	 In	 contrast,	 biosynthesis	 of	 E-cad	was	 not	 affected.	While	 loss	 of	ATP8B1	
greatly	reduced	AP	biosynthesis,	the	AP	turnover	rate	appeared	very	similar	between	ATP8B1-
depleted	and	control	cells	 (Figure.	7A).	Addition	of	 the	proteasome	inhibitor	MG132	had	
no	effect	on	the	levels	of	radiolabeled	AP	recovered	from	A5	cells	(Figure.	7C).	Next,	we	
considered	the	possibility	 that	 this	specific	defect	 in	apical	protein	expression	was	caused	
by	activation	of	the	unfolded	protein	response	secondary	to	the	depletion	of	ATP8B1.	Using	
RT-PCR,	we	found	no	evidence	of	XBP1	splicing.	Moreover,	immunoblot	analysis	showed	
that	these	cells	contained	similar	levels	of	the	ER	chaperones	BiP	and	GRP94	as	EV1	control	
cells	 (Supplemental	 Figure	 S4).	Together,	 these	 findings	 indicate	 that	 loss	 of	ATP8B1	 in	
polarized	Caco-2	cells	causes	a	specific	post-transcriptional	defect	in	the	expression	of	apical	
proteins,	presumably	at	the	level	of	mRNA	translation.

ATP8B1 is required for apical brush border formation
The	perturbed	expression	of	apical	membrane	proteins	in	ATP8B1-depleted	cells	suggested	a	
possible	defect	in	the	assembly	of	the	apical	brush	border	(24,	27).	Contrary	to	differentiated	
control	cells	(EV1,	untransfected),	ATP8B1-depleted	clones	(A5,	A3,	B3)	generally	lacked	
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Figure 6. ATP8B1-depleted Caco-2 cells display a post-transcriptional defect in apical protein expression. 
(A)	 Differentiated	 EV1	 and	ATP8B1-depleted	 cells	 (A3,	A5,	 B3)	 were	 subjected	 to	 immunoblotting	 using	 antibodies	 against	
ATP8B1,	AP,	 sucrase-isomaltase	 (SI),	Na+/K+-ATPase,	E-cad,	ZO-1,	 and	 actin.	 (B)	Relative	mRNA	 levels	of	AP	and	E-cad	 in	
undifferentiated	(0	dpc)	and	differentiated	(14	dpc)	cell	lines	were	quantified	as	in	Fig.	1A.	Data	were	normalized	relative	to	AP	and	
E-cad	expression	in	clone	EV1	at	0	dpc.	Error	bars:	SD	of	4	biological	replicates.
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the	patchy	apical	staining	pattern	indicative	of	microvilli	(Figure.	8A).	Microvilli	formation	
correlates	with	the	polymerization	of	F-actin	at	the	core	of	the	microvilli.	Phalloidin	staining	
of	 F-actin	 revealed	 the	 presence	 of	 clearly	 visible	 actin	 bundles	 in	 the	 apical	 domain	 of	
differentiated	 EV1	 or	 untransfected	 Caco-2	 cells.	 However,	 these	 bundles	 were	 largely	
absent	or	seemed	much	shorter	in	all	three	differentiated	ATP8B1-deficient	clones	(Figure.	
8B;	data	not	shown).	We	next	analyzed	the	ultrastructural	organization	of	the	apical	domain	
by	transmission	electron	microscopy.	Control	cells	(EV1,	untransfected)	cultured	for	7dpc	
on	filters	 formed	homogenous	monolayers	of	cuboidal	cells	 rich	 in	microvilli	 (Figure.	8C	
panels	1,	3,	5;	data	not	shown).	Their	nuclei	were	invariably	positioned	in	proximity	to	the	
basal	membrane.	In	contrast,	ATP8B1-depleted	cells	(A5,	A3,	B3)	formed	highly	irregular	
layers	of	flat	cells	with	far	less	and	much	shorter	microvilli	(Figure.	8C	panels	2,	4,	6;	data	
not	shown).	Typically,	less	than	50%	of	the	apical	surface	of	these	cells	was	covered	with	
microvilli.	 However,	 like	 control	 cells,	ATP8B1-depleted	 cells	 contained	 well-developed	
tight	 junctions	and	desmosomes	 (compare	panels	5	and	6	 in	Figure.	8C),	 confirming	 that	
ATP8B1-depleted	Caco-2	cells	retain	the	ability	to	polarize.	Extending	the	culture	time	to	14	
dpc	did	not	lead	to	any	improvement	in	the	number	or	length	of	the	microvilli	(Supplemental	
Figure.	S5).	Together,	 this	 implies	 that	 loss	 of	ATP8B1	 results	 in	 a	 constitutive	defect	 in	
apical	brush	border	formation	rather	than	a	delay	in	this	process.
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Figure 7. ATP8B1-depleted Caco-2 cells are defective in the de novo synthesis of apical proteins. 
(A)	Differentiated	EV1	and	A5	cells	were	labeled	using	[35S]-methionine/cysteine	for	20	min,	and	then	chased	for	the	indicated	time	
periods.	E-cad,	SI	and	AP	were	immunoprecipitated	from	cell	extracts	or	the	chase	medium,	as	indicated.	Immunoprecipitates	were	
resolved	by	SDS-P	AGE	and	radiolabeled	proteins	were	visualized	by	phosphorimager	screens.	(B)	Quantification	of	radiolabeled	
AP and E-cad levels in 20 min pulsed EV1 and ATP8B1-depleted cells (A3, A5, B3). (C)	EV1	and	A5	cells	were	incubated	with	the	
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Discussion

Dysfunction	of	the	putative	APL	transporter	ATP8B1	causes	ATP8B1	deficiency,	a	spectrum	
of	 disorders	 characterized	by	 intrahepatic	 cholestasis	 and	 extrahepatic	 symptoms.	Yet	 the	
pathophysiological	mechanisms	of	ATP8B1	deficiency	await	elucidation.	Here	we	show	that	
blocking	ATP8B1	expression	in	polarized	Caco-2	cells	results	in	a	profound	disorganization	of	
the	apical	actin	cytoskeleton,	a	substantial	loss	in	microvilli,	and	a	defect	in	the	translation	of	
mRNA	species	encoding	apical	membrane	proteins.	In	contrast,	APL	transport	and	asymmetry	
across	the	apical	bilayer	are	unperturbed.	These	findings	provide	evidence	for	a	critical	role	
of	ATP8B1	in	the	apical	membrane	organization	of	polarized	cells	that	is	independent	of	its	
presumed	APLT	activity,	yet	potentially	relevant	for	the	clinical	manifestations	of	ATP8B1	
deficiency.
A	 function	 of	ATP8B1	 in	APL	 transport	 is	 supported	 by	 the	 finding	 that	 expression	 of	
ATP8B1	 restores	 the	 non-endocytic	 uptake	 of	 fluorescent	 PS-analogues	 in	 PS	 transport-
defective	 CHO	mutant	 cells	 (7,	 19),	 as	 well	 as	 by	 the	 enhanced	 recovery	 of	 PS	 in	 bile	
from	Atp8b1G308V/G308V mutant	mice	 (21)	 and	 patients	with	ATP8B1	 deficiency	 (28).	
Hence,	 it	was	unexpected	 that	blocking	ATP8B1	expression	 in	differentiated	Caco-2	cells	
had no measurable impact on the apically-associated APLT activity, nor on the asymmetric 
distribution	of	APLs	across	 the	apical	bilayer.	How	can	 these	data	be	 reconciled	with	 the	
presumed	 flippase	 function	 of	 ATP8B1?	 Even	 though	 ATP8B1-related	 P4-ATPases	 are	
only	poorly	 expressed	 in	differentiated	Caco-2	 cells,	 it	 is	 feasible	 that	 these	or	 other	P4-
ATPases	can	functionally	compensate	for	the	loss	of	ATP8B1.	Alternatively,	residual	levels	
of	ATP8B1	 in	RNAi-treated	 cells	may	 be	 sufficient	 to	 sustain	 normal	APL	 transport	 and	
asymmetry across the apical membrane.
Nonetheless,	 our	 data	 indicate	 that	 residual	 levels	 of	 ATP8B1	 expression	 are	 clearly	
insufficient	 for	 normal	 apical	 membrane	 organization	 of	ATP8B1-depleted	 Caco-2	 cells.	
While	ATP8B1-depleted	 cells	 undergo	 epithelial	 differentiation	 and	 form	 fully	 developed	
tight	 junctions	 and	 desmosomes,	 less	 than	 50%	 of	 their	 apical	 surface	 is	 covered	 with	
microvilli. Moreover, the microvilli are much shorter than in control cells. These changes are 
reminiscent	of	the	morphological	aberrations	found	in	the	canalicular	membrane	of	liver	cells	
from	patients	with	ATP8B1	deficiency	(29)	and	Atp8b1G308V/G308V mutant	mice	when	fed	
a	cholate-supplemented	diet	(21).	In	addition,	they	provide	a	striking	parallel	with	the	loss	
of	stereocilia	from	the	apical	surface	of	the	inner	hair	cells	in	Atp8b1G308V/G308V mutant 
mice,	which	is	associated	with	hearing	loss	(9).	Collectively,	these	data	point	to	a	general	
function	 of	ATP8B1	 in	 the	 formation	 and/or	 stabilization	 of	 microvillar	 structures.	 The	
perturbed	ultrastructural	morphology	of	the	apical	domain	in	ATP8B1-depleted	Caco-2	cells	
is	not	caused	by	a	general	defect	in	apical	protein	sorting	or	stability,	but	is	accompanied	by	a	
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global	change	in	its	molecular	composition.	This	can	be	inferred	from	an	altered	fractionation	
profile	on	sucrose	density	gradients	as	well	as	from	a	marked	reduction	in	the	expression	of	
multiple apical proteins.
Recent	 reports	 have	 proposed	 that	 the	 pathophysiology	 of	ATP8B1-deficiency	 could	 be	
explained	 through	 decreased	 transcriptional	 activity	 of	 the	 nuclear	 Farnesoid	X	Receptor	
(FXR)(30).	Our	data	indicate	that	loss	of	ATP8B1	causes	a	defect	in	the	translation	of	apical	
mRNA	rather	than	a	block	in	gene	transcription.	This	defect	is	specific,	since	expression	of	
basolateral	proteins	is	not	affected.	Interestingly,	one	ATP8B1-homologue in yeast, DRS2, 
was	originally	identified	in	a	screen	for	mutants	defective	in	ribosome	assembly	and	function	
(31). Drs2 null	 mutants	 are	 deficient	 in	 40S	 ribosomal	 subunits,	 resulting	 in	 a	 reduced	
efficiency	of	 translation.	Whether	ATP8B1	 is	 also	 required	 for	 translational	 efficiency,	 or	
for	 mobilizing	 apical	 mRNAs	 from	 specific	 subcellular	 pools	 to	 which	 the	 translational	
machinery has no access (32), remains to be established.
A	most	 striking	 result	 from	 our	 studies	 is	 that	 the	 critical	 function	 of	ATP8B1	 in	 apical	
membrane	organization	appears	independent	of	its	presumed	APLT	activity.	This	observation	
challenges	a	recently	proposed	model	 in	which	 the	morphological	aberrancies	and	loss	of	
ectoenzymes	 from	 the	 canalicular	 membrane	 in	 liver	 biopsies	 of	 Atp8b1G308V/G308V 
mutant	mice	are	primarily	ascribed	to	a	disruption	of	APL	asymmetry,	which	would	render	
the	canalicular	membrane	hypersensitive	to	extraction	of	membrane	sterols	and	proteins	by	
hydrophobic	bile	 salts	 (21,	33).	Our	present	findings	 therefore	 imply	 that	ATP8B1	serves	
a	 dual	 role.	 Besides	 catalyzing	APLT	 activity,	 we	 propose	 that	ATP8B1	 may	 provide	 a	
molecular	scaffold	in	the	apical	membrane	to	recruit	structural	components	or	modulators	of	
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Figure 8. ATP8B1-depleted Caco-2 cells exhibit a disorganized api-
cal actin cytoskeleton and are defective in microvilli formation. 
(A)	Confocal	microscopy	projections	of	differentiated	EV1	and	
ATP8B1-depleted	cells	(A5,	B3)	stained	with	antibodies	against
AP	and	CD13.	Confocal	microscope	settings	were	adjusted	per	
sample. (B)	Phalloidin	staining	of	F-actin	and	immunostaining	of
E-cad	in	EV1,	A5	and	B3	cells.	Lower	panels	represent	higher
magnifications	of	the	areas	indicated	by	rectangles.	Bars,	10	μm.
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the	actin	cytoskeleton	involved	in	microvilli	formation.	Consistent	with	a	putative	scaffold	
function,	ATP8B1	expression	on	the	apical	membrane	of	Caco-2	cells	increases	dramatically	
during	 differentiation,	 concomitantly	with	 cell	 polarization.	 Interestingly,	 loss	 of	 the	 P4-
ATPase	Drs2p	disrupts	the	polarized	organization	of	cortical	actin	filaments	in	yeast	(34).
ATP8B1	 is	 not	 the	 only	 example	 of	 a	 P-type	ATPase	 for	 which	 a	 transport-independent	
structural	function	has	been	proposed.	Epithelial	junction	formation	and	tracheal	tube-size	
control	 in	Drosophila	 require	 a	 pump-independent	 function	 of	 the	Na+/K+-ATPase	 (35).	
The catalytic α-subunits	of	 this	pump	and	 the	closelyrelated	H+/K+-ATPase	 interact	with	
ankyrin,	 a	 cytoskeletal	 protein	 implicated	 in	 epithelial	 junction	 formation	 (36).	 Linking	
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Figure 8. ATP8B1-depleted Caco-2 cells exhibit a disorganized apical actin cytoskeleton and are defective in microvilli 
formation – Continued. 
(C)	Transmission	electron	microscopy	analysis	of	epon-embedded,	1	week	filter-grown	EV1	(panels	1,3,5) and A5 cells (panels 
2,4,6).	Tight	junctions	(arrow	heads)	and	desmosomes	(arrows)	are	indicated.	MV,	microvilli;	N,	nucleus;	A,	apical	membrane;	BL,	
basolateral	membrane;	M,	mitochondrion.	Bars,	(1)	10	μm,	(2)	5	μm,	(3,4)	1	μm,	(5,6)	500	nm
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the	cytoskeleton	to	specialized	areas	of	the	plasma	membrane	may	thus	be	a	feature	shared	
among	 several	 members	 of	 the	 P-type	 ATPase	 superfamily.	 Disruption	 of	 cytoskeletal	
linkages	between	the	actin	bundle	and	the	microvillar	membrane	results	in	a	profound	loss	
of	SI	(37).	These	and	other	data	(24)	suggest	that	microvilli	formation	is	tightly	connected	to	
apical	protein	biosynthesis.	As	microvilli	dramatically	increase	the	surface	area	of	the	apical	
membrane,	 this	 coupling	may	 serve	 to	 prevent	 overloading	 of	 the	 apical	membrane	with	
protein.	Thus,	when	formation	of	microvilli	is	perturbed,	the	translation	of	apical	mRNAs	is	
repressed.	It	appears	likely	that	cross-talk	between	these	two	processes	is	mediated	by	proteins	
embedded	in	the	apical	membrane.	The	loss	of	microvilli	associated	with	reduced	ATP8B1	
expression	 is	 reminiscent	 of	morphological	 aberrations	 found	 in	 disorders	 such	 as	 celiac	
disease	and	microvillus	inclusion	disease,	which	are	associated	with	a	dramatic	reduction	of	
enterocyte	apical	membrane	surface	area	and	a	concomitant	reduction	of	absorptive	capacity	
and	diarrhea	(38,	39).	Similarly,	reduction	of	the	apical	surface	area	of	hepatocytes	would	
likely	limit	the	bile	salt	excretory	capacity	of	the	liver	in	patients	with	ATP8B1	deficiency.	
Our	present	findings	thus	provide	a	rationale	for	the	intrahepatic	cholestasis	as	well	as	the	
intractable	 diarrhea	 and	 malabsorption	 as	 frequent	 symptoms	 associated	 with	 ATP8B1	
deficiency	(4).	Collectively,	these	data	point	to	a	general	function	of	ATP8B1	in	the	formation	
and/or	stabilization	of	microvillar	structures	at	the	apical	plasma	membrane	of	polarized	cell	
types,	and	provide	a	novel	framework	for	our	understanding	of	the	pathogenesis	of	familial	
intrahepatic cholestasis type 1.
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Supplemental Material
Figure.	S1	shows	that	CDC50A,	but	not	CDC50B	transcripts	are	abundantly	detected	in	Caco-2	cells.	Figure.	S2A	demonstrates	
internalization	kinetics	of	 spin-labeled	PS	 in	ATP8B1-depleted	Caco-2	cells;	Figure	S2B	shows	similar	experiments	 in	 the	APL	
translocase-defective	mutant	CHO	UPS-1	cell	line.	Figure	S3A-C	show	that	phospholipid	asymmetry	is	retained	in	ATP8B1-depleted	
Caco-2	cells	as	assessed	by	papuamide	B	and	cinnamycin	cytotoxicity	assays.	Figure	S4	shows	the	absence	of	ER-stress	markers	in	
ATP8B1	depleted	Caco-2	cells.	Figure.	S5	represents	ultrastructural	analysis	of	ATP8B1-depleted	Caco-2	cells	cultured	for	2	weeks	
on	filters.	These	experiments	show	that	ATP8B1-depleted	cells	form	normal	tight	junctions	and	desmosomes,	but	are	defective	in	
the	assembly	of	proper	microvilli.

CDC50A

CDC50B

CDC50B*

Caco-2control Supplemental Figure S1. CDC50A and CDC50B transcripts in Caco-2 cells. 
RT-PCR	was	performed	on	total	RNA	isolated	from	Caco-2	cells;	RNA	was	omitted	in	the	control	
reactions.	To	verify	the	validity	of	the	CDC50B	PCR-conditions,	a	control	reaction	was	performed	
on genomic DNA (CDC50B*).
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Supplemental Figure S2. Internalization of spin-labeled phospholipids in ATP8B1-depleted Caco-2 cells and in WT and PS 
transport-defective mutant CHO cells. 
(A)	 Suspensions	 of	 undifferentiated	 control	 (EV1)	 and	 ATP8B1-depleted	 cells	 (A5)	 were	 incubated	 with	 spin-labeled	 (SL)	
phospholipids	 at	 20ºC	 or	 10ºC.	 The	 amount	 of	 SL-phospholipid	 present	 in	 the	 exoplasmic	 leaflet	 was	 assessed	 by	 back	
exchange	 to	BSA	and	expressed	as	 the	percentage	of	 total	 label	added	at	 time	zero.	SL-PS,	SL-phosphatidylserine;	SL-PE,	SL-
phosphatidylethanolamine; SL-PC, SL-phosphatidylcholine; SL-SM, SL-sphingomyelin. (B)	Suspensions	of	WT	 (CHO-K1)	and	
PS	transport-defective	mutant	CHO	cells	(UPS-1)	were	incubated	with	spin-labeled	(SL)	phospholipids	at	10ºC.	The	amount	of	SL-
phospholipid	present	in	the	exoplasmic	leaflet	was	assessed	by	back	exchange	to	BSA	and	expressed	as	the	percentage	of	total	label	
added at time zero. SL-PC, SL-phosphatidylcholine; SL-PS, SL-phosphatidylserine.
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Supplemental Figure S3. Aminophospholipid transport and 
asymmetry in the apical membrane of ATP8B1-depleted Caco-2 
cells are unperturbed. 
(A)	 Differentiated	 Caco-2	 cells	 were	 incubated	 with	 various	
concentrations	 of	 the	 PS-binding	 peptide	 papuamide	B	 or	 the	 PE-
binding peptide cinnamycin, and then costained by Hoechst 33342 
and	propidium	iodide	(PI).	When	incubated	with	2	μM	of	the	drug,	
only	few	cells	died	(PI	positive	cells	marked	by	arrows).	At	70	μM,	
essentially all cells died. (B) Control (EV1) and ATP8B1-depleted 
cells	(A5)	were	incubated	with	various	concentrations	of	papuamide	
B,	and	then	stained	as	in	(A).	The	percentage	of	viable	(PI-negative)	cells	were	counted	and	expressed	as	the	percentage	of	total	
cells (Hoechst positive). (C).	EV1	and	A5	cells	were	incubated	with	various	concentrations	of	the	PE-binding	peptide	cinnamycin	
and then analyzed as in (B).
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Supplemental Figure S4. ATP8B1-depleted Caco-2 cells do not display elevated ER stress markers. 
(A)	Detection	of	XBP1	splicing	by	RT-PCR	on	control	(EV1)	and	ATP8B1-depleted	cells	(A3,	A5,	B3),	or	on	control	cells	incubated	
for	16	h	with	ER	stress	inducer	tunicamycin	(Tm).	(B)	Immunoblots	of	control	(EV1)	andATP8B1-depleted	cells	(A3,	A5,	B3)	were	
stained	with	antibodies	against	ER	chaperones	Grp94	and	BiP.	Staining	with	anti-β-actin	served	as	loading	control.
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Supplemental experimental procedures
Antibodies
The	 following	 antibodies	 were	 used	 in	 this	 study:	 rabbit	 anti-Human	 Intestinal	 Alkaline	 Phosphatase	 (Abcam,	 Huissen,	 The	
Netherlands), mouse anti-CD13 (Abcam), mouse anti-E-cadherin (Abcam), mouse anti-ZO-1 (Zymed Laboratories, Leek, 
the	 Netherlands),	 mouse	 anti-sucrase-isomaltase	 (HBB	 2/614/88)	 (gift	 from	 Dr.	 J.	 Fransen,	 Radboud	 University	 Nijmegen,	
The	 Netherlands),	 rabbit	 anti-Na+/K+-ATPase	 (C356-M09,	 gift	 from	 Dr.	 J.	 Koenderink,	 Radboud	 University	 Nijmegen,	 The	
Netherlands),	rabbit	anti-actin	(Sigma-Aldrich,	Zwijndrecht,	the	Netherlands),	rabbit	anti-tubulin	(Abcam),	rabbit	anti-COMMD1(1)	
rabbit	anti-ATP8B1(2),	and	mouse	anti-KDEL	antibody	(Santa	Cruz	Biotechnology).	As	secondary	antibodies	we	used:	Alexa	Fluor	
568	conjugated	goat	anti-mouse	(Invitrogen,	Leek,	the	Netherlands),	Alexa	Fluor	488	conjugated	goat	anti-rabbit	(Invitrogen),	HRP-
conjugated	goat	anti-mouse	(Perbio,	Breda,	the	Netherlands),	HRP-conjugated	goat	anti-rabbit	(Biorad,	Veenendaal,	the	Netherlands)	

1 2

3 4

5 6

1 2

3 4

5 6

control (EV1) ATP8B1 -depleted (A5)

Supplemental Figure S5. ATP8B1-depleted Caco-2 cells are defective in microvilli formation. Transmission electron microscopy 
analysis	of	epon-embedded,	2	weeks	filter-grown	control	(EV1;	1,3,5) and ATP8B1-depleted cells (A5; 2,4,6). Tight junctions and 
desmosomes	are	marked	by	arrow	heads	and	arrows,	respectively.	MV,	microvilli;	N,	nucleus;	A,	apical	membrane;	BL,	basolateral	
membrane;	M,	mitochondrion.	Bars,	(1)10	μm,	(2)	5	μm,	(3,4)	1	μm,	(5,6)	500	nm.
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and	HRP-conjugated	Neutravidin	(Invitrogen).	Alexa	Fluor	488-conjugated	phalloidin	(Invitrogen)	was	used	to	stain	F-actin.

RNAi targeting sequences
pSUPER.retro	 contained	ATP8B1-specific	RNAi	 targeting	 sequences	 (sequence	A:	 5’-gtaccacgaacaacctcactt-3’	 corresponding	 to	
nucleotides	216-236	 in	 the	coding	 region	or	sequence	B:	5’-accctgtctctaccataaatt-3’	 to	nucleotides	4065-4085	 in	 the	3’UTR)(3).	
Target	 sequences	were	 selected	 using	 the	 oligo	 engine	 programme	 (www.oligoengine.com)	 so	 that	 off-targeting	 effects	 are	 not	
expected.

Quantitative RT-PCR (qRT-PCR)
RNA	was	isolated	from	Caco-2	cells	in	biological	quadruplicates	using	TRIZOL	Reagent	(Invitrogen)	according	to	the	manufacturer’s	
protocol.	Single	stranded	complementary	DNA	(cDNA)	was	generated	from	1	μg	total	RNA	using	random	hexamer	primers	(Roche,	
Almere,	 The	 Netherlands)	 and	 Superscript	 II	 reverse	 transcriptase	 (Invitrogen,	 Leek,	 The	 Netherlands).	 Quantitative	 reverse	
transcriptase	PCR	(qRT-PCR)	reactions	were	performed	in	a	MyIQ	real	time	PCR	cycler	(BioRad,	Veenendaal,	The	Netherlands)	
using	SYBrGreen	master	mix	(BioRad)	and	primer	sets	listed	in	Supplementary	Table	S1.	Specificity	of	PCR	products	was	verified	
by melt curve analysis and gel electrophoresis. TBP (encoding	TATA	binding	protein)	was	selected	as	the	most	stable	reference	gene	
across	all	cDNA	samples	(4).	Fold	changes	in	gene	expression	were	determined	using	the	∆∆Ct	method	with	normalization	to	TBP 
mRNA.

Immunoblotting
Caco-2	cells	were	lysed	in	RIPA	buffer	(50	mM	Tris/HCl,	0.1%	(w/v)	SDS,	0.5%	(v/v)	Nonidet	P40,	150	mM	NaCl,	2	mM	EDTA,	
pH	7.4,	supplemented	with	Complete	Protease	Inhibitor	Cocktail	(PIC,	Roche,	Basle,	Switzerland).	Nuclear	DNA	was	sheared	by	
passing	lysates	through	a	23G	needle.	Protein	content	of	lysates	was	determined	by	the	bicinchoninic	acid	method	(Pierce,	Breda,	the	
Netherlands).	Equal	amounts	of	protein	were	separated	by	SDS-P	AGE	and	subsequently	transferred	to	nitrocellulose	membranes	
(Scheicher	&	Schuell,	Dassel,	Germany).	 Incubations	with	primary	antibodies	and	HRP-conjugated	secondary	antibodies	 (listed	
above)	were	performed	as	described	(2).	Immunoblots	were	developed	using	enhanced	chemiluminescence	(Amersham,	Roosendaal,	
The	Netherlands).	Protein	bands	were	quantified	by	scanning	chemoluminescence	exposures	with	a	densitometer	(GS-700,	Biorad)	
using	QuantityOne	software.

Confocal microscopy
Cells	 grown	 on	 glass	 coverslips	 for	 14	 days	 post-confluent	 (dpc)	were	 fixed	 using	 4%	 (w/v)	 paraformaldehyde	 in	 PBS	 for	 30	
min,	blocked	in	PBS	containing	0.5%	BSA	and	0.1%	saponin	(blocking	buffer)	and	labeled	with	primary	antibodies	in	blocking	
buffer.	After	washing,	 cells	were	 counterstained	with	Alexa-conjugated	 secondary	 antibodies	 for	 1	h	 and	mounted	 in	Fluorsave	
(Calbiochem,	Breda,	the	Netherlands).	Pictures	of	the	different	samples	were	taken	using	the	same	settings.	Images	were	obtained	
through	a	plan	Apo	603	NA	1.40	lens	(Nikon)	on	a	confocal	microscope	(D-eclipse	C1;	Nikon)	using	the	following	filter	settings:	
FITC,	lex	5	488	nm	and	lem	5	515	LP	(long	pass);	Texas	red,	lex	5	568	nm	and	lem	5	585	LP.

mRNA Forward primer sequence reverse primer sequence
ATP8B1 5’-gcatttcaatttacaggcacag-3’ 5’-gacgggtagtaagcacacag-3’
ATP8B2 5’-aacaagtgctccatcaatggc-3’ 5’-aggctggggtcccaaaataag-3’
ATP8B3 5’-cgggctaggaagtatgaatgga-3’ 5’-cggcaggaacgagtagaagtt-3’
ATP8B4 5’-ttctcctatcaagtagtgagcca-3’ 5’-acaacaatcccatcaaaccctg-3’
ATP8A1 5’-gtgcttgggaaattgtccact-3’ 5’-cttggggctcacttgagga-3’
ATP8A2 5’-cctccctgtagtgattcctgt-3’ 5’-aatgcacacgcatgttactca-3’
CDC50A 5'-atggcgatgaactataacg-3' 5'-aatggtaatgtcagctgtattac-3'
CDC50B 5'-tgaggcccacaaattacctg-'3 5'-ataaactggtaagatgatatcac-3'
Villin 5’-agggcaagaggaacgtggt-3’ 5’-tcccctcggttgaaactcttc-3’
c-myc 5’-ccaccaccagcagcgact-3’ 5’-cagaaacaacatcgatttcttcctc-3’
AP 5’-tgagggtgtggcttaccag-3’ 5’-aggatggacgtgtaggctttg-3’
E-cadherin 5’-cccaccacgtacaagggtc-3’ 5’-atgccatcgttgttcactgga-3’
TBP 5’-gaacatcatggatcagaacaaca-3’ 5’-atagggattccgggagtcat-3’
XBP1 5’-atgatgaagctgcagtagag-3’ 5’-ggcatcatatcatggaagtc-3’

Table S1. RT- PCR primer sequences

AP,	intestinal	alkaline	phosphatase;	TBP,	TATA-box	binding	protein
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Subcellular membrane fractionation
Cells	were	seeded	in	area-ratio	1:1	on	permeable	polycarbonate	Transwell	filter	supports	(0.4	μm	pore	size,	Costar,	the	Netherlands)	
and	grown	11-14	dpc	to	allow	them	to	fully	differentiate.	Medium	was	renewed	every	2-3	days.	Filters	were	washed	with	PBS+	
(PBS	containing	0.9	mM	CaCl2	and	0.5	mM	MgCl2)	and	cells	were	biotinylated	on	either	the	apical	or	basolateral	side	using	250	
μl	of	1	mg/ml	NHS-LC-biotin	(Pierce)	in	PBS+	for	30	min	at	4ºC	(5).	Filters	were	washed	three	times	in	PBS+	and	twice	in	ice-
cold	buffer	A	(250	mM	sucrose,	12	mM	Tris/HCl	pH	7.4,	1	mM	PMSF,	supplemented	with	PIC).	Cells	of	6	filters	were	scraped	
using	a	rubber	policeman,	suspended	in	5	ml	buffer	A	and	then	equilibrated	with	nitrogen	in	a	cell	disruption	bomb	(Parr	Instrument	
Company,	Moline,	IL,	USA)	for	10	min	at	3795	kPa.	The	sample	was	collected	drop-wise	and	degassed	for	15	min.	After	differential	
centrifugation	of	the	lysate	(414	gmax	and	1,409	gmax,	10	min	each,	followed by	incubation	with	10	mM	MgCl2	and	centrifugation	
at	3,523	gmax,	15	min	each,	4ºC),	membranes	were	collected	by	45	min	centrifugation	at	250,000	gmax	on	a	60%	(w/w)	sucrose	
cushion	in	12	mM	Tris/HCl	pH	7.4	(6).	Membranes	were	resuspended	in	462	μl	buffer	B	(5	mM	Na2EDTA,	12	mM	Tris/HCl	pH	
7.4,	1	mM	PMSF,	supplemented	with	PIC),	cleared	of	clumps	by	centrifugation	(3,500	gmax,	5	min,	4ºC)	and	then	loaded	on	top	
of	a	30-45%	(w/w)	sucrose	step-gradient	in	12	mM	Tris/HCl	pH	7.4	(steps:	0.91	ml	45%,	1.74	ml	35%	and	1.82	ml	30%).	After	
centrifugation	at	68,000	gav	in	a	Beckman	MLS-50	rotor	for	4.5	h	at	4ºC,	350	μl	fractions	were	collected	from	top	to	bottom.	Equal	
amounts	per	fraction	were	subjected	to	SDS-PAGE	and	immunoblotting.	Biotinylated	proteins	were	stained	using	HRP-conjugated	
Neutravidin (Invitrogen).

Lipid transport assays on suspension cells
Lipid	transport	assays	on	suspension	cells	were	performed	as	described	(7),	with	some	modifications.	Cells	grown	to	90%	confluence	
in	plastic	flasks	were	briefly	trypsinized,	diluted	in	complete	medium	and	filtered	through	a	70	μm	pore	size	Falcon	Cell	Strainer	(BD	
Biosciences,	Alphen	a/d	Rijn,	the	Netherlands)	to	remove	aggregates.	Cells	were	washed	and	resuspended	in	PBS++	(PBS	containing	
0.9	mM	CaCl2,	0.5	mM	MgCl2	4.7	g/l	glucose,	10	mM	HEPES	and	Non	Essential	Amino	Acids)	to	a	concentration	of	1*108	cells/
ml.	Appropriate	amounts	of	1-palmitoyl-2-(4-doxylpentanoyl)-labeled	phospholipid	(spin-labeled	phospholipid	or	SL-PL;	4.5	nmol	
per	3*107	cells,	i.e.	0.2	mol%	of	total	cellular	phospholipid)	were	prepared	in	PBS++	as	described	(7).	For	labeling,	350	μl	of	cell	
suspension	was	mixed	with	150	μl	of	SL-PL	suspension	at	either	10	or	20ºC,	representing	time	zero	for	the	kinetic	measurement.	50-
μl	aliquots	were	taken	at	different	time	points	and	mixed	with	25	μl	10%	(w/v)	BSA	in	PBS++	on	ice.	After	10	min	back-extraction,	
cells	were	centrifuged	at	700	g	for	5	min.	The	supernatant	(50	μl)	was	mixed	with	5	μl	100	mM	potassium	ferricyanide	to	reoxidize	
reduced	lipid	analogues.	EPR	spectra	were	obtained	using	a	Bruker	ESP300	instrument	(Bruker,	Karlsruhe,	Germany)	and	compared	
to	the	known	amount	of	added	label	using	the	following	parameters:	modulation	amplitude,	2	G;	power,	20	milliwatt;	scan	width,	
100 G; accumulation, 4 times.

Lipid transport assay on filter-grown cells
Lipid	transport	assays	on	filter-grown	cells	were	performed	essentially	as	described	(7),	with	some	modifications.	Cells	grown	on	
Transwell	filter	supports	for	11	dpc	were	washed	twice	in	ice-cold	PBS,	dipped	on	wetted	tissue	to	remove	adhering	fluid	and	then	
labeled	with	SL-PL	at	4ºC.	For	apical	labeling,	filters	were	placed	on	50	μl	droplets	of	PBS++	on	ice-cold	metal	plates	and	200	μl	
of	a	10	μM	SL-PL	suspension	was	added	to	the	apical side.	For	basolateral	labeling,	200	μl	PBS++	was	added	to	the	apical	side	and	
filters	were	placed	on	50	μl	droplets	of	a	40	μM	SL-PL	suspension	on	ice-cold	metal	plates.	After	3	min	of	incubation,	filters	were	
washed	with	icecold	PBS	to	remove	unincorporated	label.	One	filter	was	directly	cut	from	its	support	and	incubated	in	200	μl	10%	
SDS	for	30	min	at	room	temperature	(representing	total	amount	of	incorporated	label).	One	other	filter	was	moved	directly	to	a	50	μl	
droplet	of	4%	(w/v)	BSA	in	PBS++	(time	zero),	250	μl	of	4%	BSA	in	PBS++	was	added	to	the	apical	side	and	back-extraction	was	
performed	for	10	min	at	4ºC.	The	additional	filters	were	moved	to	50	μl	droplets	of	pre-warmed	PBS++	on	metal	plates	in	a	water	
bath	at	10ºC.	Pre-warmed	PBS++	(200	μl)	was	added	to	the	apical	side	and	filters	were	incubated	for	up	to	60	min.	At	different	time	
points,	filters	were	moved	to	50	μl	droplets	of	4%	BSA	in	PBS++,	and	50	μl	of	20%	(w/v)	BSA	in	PBS++	was	added	to	the	200	μl	
at	the	apical	side,	followed	by	10	min	incubation	at	4ºC.	After	back-extraction,	the	apical	and	basolateral	media	were	transferred	to	
separate	tubes	and	volumes	were	reduced	to	50	μl	by	lyophilization.	Filters	were	cut	from	their	support	and	incubated	in	200	μl	10%	
(w/v)	SDS	for	30	min	at	RT.	Lipid	analogues	were	reoxidized	and	quantified	as	described	(7).

Electron microscopy
Cells	were	seeded	on	0.4	μm	PTFE	membranes	(Costar)	at	a	density	of	1.2*105	cells/cm2.	Cells	were	differentiated	for	7	or	14	
dpc	and	fixed	for	2	h	at	RT	in	2%	glutaraldehyde,	0.25%	CaCl2,	0.25%	MgCl2,	0.1	M	Na-cacodylate,	pH	7.4.	After	rinsing	in	Na-
cacodylate,	pH	7.4	at	4°C,	cells	were	post-fixed	in	1%	OsO4,	1.5%	(w/v),	K3Fe(III)(CN)6	in	0.065	M	Na-cacodylate	buffer,	pH	7.4	
for	2	h	at	4°C	in	the	dark.	Ethanol	was	used	for	dehydration	and	filters	with	cells	were	embedded	flatly	in	Epon.	Ultra-thin	sections	
(80	nm)	were	cut	perpendicular	to	the	filter,	stained	with	uranyl	acetate	and	lead	citrate	and	examined	using	a	Jeol	1010	transmission	
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electron microscope.

Pulse-chase analysis
Pulse-Chase	analysis	was	performed	essentially	as	described(8),	with	some	modifications.	Cells	were	grown	in	6	cm	dishes	to	14	
days	post	confluency,	washed	in	PBS	and	incubated	in	DMEM	without	cysteine	and	methionine	for	20	min	at	37ºC.	After	pulse-
labeling	in	1	ml	medium	containing	100	μCi	Trans	[35S]-Label	(MP	Biomedicals,	Zoetermeer,	The	Netherlands)	for	20	min,	cells	
were	chased	in	DMEM	containing	5	mM	cysteine	and	5	mM	methionine	for	the	indicated	time	periods	at	37ºC.	Proteasome	inhibitor	
MG132	was	added	at	indicated	concentrations	16	h	prior	to	pulse	labeling	and	remained	present	for	the	entire	chase	period.	Cells	
were washed	with	ice-cold	PBS	containing	20	mM	NEM	on	ice,	scraped	in	600	μl	ice-cold	lysis	buffer	(PBS	containing	0.5%	Triton	
X-100,	0.2%	BSA,	1	mM	EDTA,	20	mM	NEM,	1	mM	PMSF,	1x	PIC),	and	the	lysates	were	centrifuged	at	16,000	g	(10	min,	4ºC)	to	
remove	the	nuclei.	Protein	G-beads	(Invitrogen)	were	loaded	with	primary	antibody	(1	μg	per	100	μl	of	a	10%	protein	G-bead	slurry)	
in	PBS	containing	0.05%	Triton	X-100	and	0.2%	BSA,	washed	and	then	incubated	with	300	μl	of	post-nuclear	supernatant	for	16	
h	at	4ºC.	Beads	were	washed	three	times	with	PBS	containing	0.5%	Triton	X-100	and	0.2%	BSA	and	then	washed	twice	with	PBS.	
Immunoprecipitates	were	resolved	by	SDS-P	AGE,	visualized	by	a	phosphorimaging	screen	(Fujifilm,	Steenbergen,	the	Netherlands)	
and	quantified	using	Quantity	One	software.
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Abstract 

ATP8B1	 deficiency	 is	 a	 hereditary	 cholestasis	 syndrome,	 caused	 by	 mutations	 in	 the	
ATP8B1 gene, encoding a putative aminophospholipid translocase. Diarrhea is a common 
extrahepatic	 manifestation	 of	ATP8B1 deficiency,	 and	 is	 likely	 associated	 with	 bile	 salt	
malabsorption	in	the	intestine,	where	ATP8B1	is	abundantly	expressed.	Here,	we	investigated	
the	consequences	of	ATP8B1 deficiency	in	enterocytes	in vitro. The	expression	of	ATP8B1	
was	targeted	by	shRNA	constructs	(shRNA)	in	the	human	intestinal	cell	line	Caco-2,	to	yield	
stable	ATP8B1	knock	down	clones.	The	 stably	 integrated	 shRNA	constructs	 resulted	 in	a	
reduced	ATP8B1	protein	expression	and	significant	reduction	in	taurocholate	uptake	across	
the	apical	membrane.	mRNA	expression	and	localization	of	the	basolateral	bile	salt	export	
proteins OSTα/β	was	comparable	to	empty	vector	transfected	cell	lines.	However,	expression	
of	the	apical	bile	salt	importer	protein	ASBT	was	profoundly	disturbed.	cDNA	microarray	
analysis	 and	 qRT-PCR	 experiments	 indicated	 normal	 expression	 of	 FXR	 and	FXR	 target	
genes,	consistent	with	nuclear	localization	of	FXR	in	all	ATP8B1	knock	down	clones.	Gene	
ontology	analysis	of	cDNA	microarray	data	revealed	a	marked	enrichment	of	genes	encoding	
plasma	membrane	proteins	 in	 a	 list	 of	 244	genes	differentially	 expressed	 in	 all	ATP8B1-
depleted Caco-2 cell clones.
Conclusion: Bile salt import in ATP8B1-depleted Caco-2 cells is severely compromised due 
to	decreased	expression	of	ASBT	at	the	apical	plasma	membrane,	but	unrelated	to	decreased	
FXR	expression	and	function.	These	in vitro observations	provide	a	potential	explanation	for	
the	intractable	diarrhea	in	patients	with	ATP8B1	deficiency.

C
ha

pt
er

 6

130



Role of ATP8B1 in intestinal bile salt transport

C
ha

pt
er

 6

131

Introduction

ATP8B1	deficiency	(formerly	FIC1	disease)	is	caused	by	mutations	in	the	P4	P-type	ATPase	
gene, ATP8B1,	and	is	associated	with	a	spectrum	of	intrahepatic	cholestasis	syndromes	(1-
3).	At	the	severe	end	of	the	spectrum,	patients	present	with	progressive	familial	intrahepatic	
cholestasis	type	1	(PFIC1;	MIM#211600)	(2,	4-7),	whereas	on	the	other	side	of	the	spectrum	
patients	have	benign	 recurrent	 intrahepatic	 cholestasis	 type	1	 (BRIC1;	MIM#243300)	 (8-
11).	 Furthermore,	 transitional	 forms	 are	 observed	 which	 initially	 present	 as	 BRIC1	 but	
progress	to	PFIC1	later	in	life	(3,	12,	13).	Mutations	in	ABCB11,	encoding	the	bile	salt	export	
pump	 (BSEP	or	ABCB11),	 cause	 a	 similar	 spectrum	of	 intrahepatic	 cholestasis	 disorders	
(PFIC2	and	BRIC2;	ABCB11	deficiency)	(14-17).	Whereas	BSEP	is	exclusively	expressed	
in	canalicular	membranes	of	hepatocytes	(18,	19)	ATP8B1	is	ubiquitously	expressed	in	apical	
membranes	of	epithelial	cells,	such	as	hepatocytes,	cholangiocytes,	pancreatic	acinar	cells,	
enterocytes	 and	 cochlear	 hair	 cells	 (20-23).	This	may	 explain	 the	 extrahepatic	 symptoms	
exclusively	 observed	 in	 some	 patients	 with	 ATP8B1	 deficiency,	 including	 diarrhea	 (4,	
24,	25),	pancreatitis	(11),	growth	retardation	(25)	and	hearing	loss	(21,	26).	As	a	member	
of	 the	 P4	 P-type	 ATPase	 family,	 ATP8B1	 is	 implicated	 in	 the	 inward	 translocation	 of	
aminophospholipids,	in	particular	phosphatidylserine	(PS),	in	biological	membranes,	which	
is	important	for	maintaining	an	asymmetric	distribution	of	phospholipids	between	the	two	
hemileaflets	 (22,	 27,	 28).	This	 asymmetry	 is	 essential	 for	 fundamental	 cellular	 processes	
such as vesicular transport, intracellular signaling and membrane stability (29-32). The	exact	
function	of	ATP8B1	has	not	been	fully	established,	nor	has	the	mechanism	been	resolved	by	
which	mutations	in	ATP8B1	 result	 in	cholestasis	and	other	extrahepatic	symptoms.	It	was	
recently	proposed	that	ATP8B1	is	 important	for	 the	activation	of	 the	nuclear	 transcription	
factor	 farnesoid	 X	 receptor	 (FXR)	 by	 stimulating	 FXR	 translocation	 to	 the	 nucleus	 via	
protein kinase C-ζ	signaling	(33,	34).	Liver	and	intestine	of	PFIC1	patients	display	reduced	
expression	of	FXR	and	of	FXR	target	genes	(35,	36).	As	the	main	sensor	and	regulator	of	bile	
salt	homeostasis,	downregulation	of	FXR	activity	would	induce	hepatic	bile	salt	synthesis	
and	reduce	bile	salt	excretion	resulting	in	cholestasis	(37,	38).
Frequent	bouts	of	loose	stools	(up	to	5	times	a	day)	with	episodes	of	acute	watery	diarrhea	is	
the	extrahepatic	feature	most	commonly	reported	in	ATP8B1	deficiency	(4,	24,	25,	39).	These	
episodes	of	watery	diarrhea	persist	and	even	aggravate	after	 liver	 transplantation	 (24,	25,	
39)	but	may	also	develop	solely	after	liver	transplantation	(39-42).	Watery diarrhea is most 
likely due to bile salt malabsorption in the native intestine. This notion is supported by (i) 
the	exacerbation	of	diarrhea	by	restoring	normal	bile	salt	secretion	after	liver	transplantation,	
(ii)	the	association	of	diarrhea	with	high	bile	salt	concentrations	in	stools	(40)	and	(iii)	the	
improvement	after	treatment	with	either	bile	salt	absorptive	resins	(25,	39-41)	or	by	partial	
biliary drainage (41, 42). However,	 the	exact	nature	of	 the	diarrhea	and	the	consequences	
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of	ATP8B1	deficiency	at	the	apical	membrane	of	the	enterocyte	are	not	known.	The apical 
sodium dependent bile acid transporter (ASBT or SLC10A2) is the main bile salt import 
pump	localized	at	the	apical	membrane	of	enterocytes	(43)	and	its	functionality	may	therefore	
be	crucial	in	ATP8B1	deficiency.	
In	this	work,	we	utilized	a	loss	of	function	model	in	enterocyte-like	Caco-2	cells	by	stable	
expression	of	short	hairpin	RNAs	(shRNA)	complementary	to	ATP8B1 mRNA	to	study	the	
consequences	of	ATP8B1	deficiency	 in	enterocytes	 in vitro.	Caco-2	cells	were	chosen	by	
virtue	of	their	ability	to	form	differentiated	polarized	monolayers	that	highly	resemble	the	
intestinal	epithelium,	and	because	they	abundantly	express	ATP8B1	in	their	apical	membrane	
(44).	Our	 data	 indicate	 that	 bile	 salt	 import	 is	 severely	 compromised	 in	 the	 knock	 down	
cell	lines,	and	we	address	whether	this	is	due	to	mislocalization	of	bile	salt	transporters	or	
reduced	FXR	signaling,	thereby	altering	expression	of	mRNA	encoding	bile	salt	homeostasis	
genes.	In	addition,	we	investigated	the	consequences	of	ATP8B1	deficiency	in	more	detail	
by	microarray	transcriptome	analyses	of	ATP8B1-depleted	Caco-2	cell	lines	and	controls.

Experimental procedures

Cell culture, transfection and reporter assays
Caco-2	 cell	 lines	 stably	 expressing	 small	 hairpin	 RNAs	 (shRNAs)	 targeted	 to	ATP8B1	
sequences	 have	 been	 described	 previously	 and	were	maintained	 as	 described	 (44).	 Cells	
were	differentiated	by	culturing	the	cells	for	14	days	post-confluence	with	medium	renewal	
every 2-3 days. For	reporter	assays,	Caco-2	cells	were	transfected	at	70%	confluence	using	
Lipofectamine	 2000	 (Invitrogen,	 Leek,	 the	 Netherlands)	 with	 pGL3-IBABP-promoter,	
pCMV-Renilla	 Luciferase	 (Promega,	 Leiden,	 the	 Netherlands),	 pcDNA3.1-hRXR,	
pcDNA3.1-hFXRα3,	pcDNA3.1-hFXRα4(45),	as	 indicated	 in	 the	figure	 legends.	One day 
after	transfection,	cells	were	incubated	for	24	hours	with	or	without	100µM	chenodeoxycholic	
acid	 (CDCA)	(Sigma)	or	1µM	the	synthetic	FXR	agonist	GW4064.	Cells	were	 lysed	and	
Firefly	and	Renilla	Luciferase	activities	were	measured	as	described	(46).	Results	are	shown	
as	fold	induction	of	quadruplicates	+/-	standard	deviations.

Taurocholate uptake measurements
Differentiated	Caco-2	cells	were	washed	in	PBS	and	equilibrated	for	30	min	at	37ºC	with	bile	
acid	transport	medium	(HBSS	with	25mM	glucose,	10mM	HEPES;	pH	7.35).	Subsequently,	
cells	were	 incubated	 for	 the	 indicated	 time	periods	with	2	ml	bile	acid	 transport	medium	
containing 17μM	taurocholic	acid	 (Sigma).	After	washing	with	PBS	containing	1%	(w/v)	
BSA	 and	 1mM	 CaCl,	 cells	 were	 lysed	 in	 10mM	 TRIS-HCl;	 pH	 7.2,	 2mM	 Na-EDTA.	
Lysates	were	frozen	at	-20ºC,	passed	through	a	23G	needle	for	complete	disruption	of	cells	
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and	 centrifuged	 for	 5	min.	 at	 14,000	 x	 g.	 Supernatants	were	 supplemented	with	 internal	
standard (250 μl 0.96 μM 4D-taurocholic acid (Medical Isotopes Inc, Pelham, NH, USA). 
Bile	 acids	were	 extracted	 on	 solid	 phase	C18	 columns	 (Sep-pak,	Waters,	 Etten-Leur,	 the	
Netherlands),	eluted	with	methanol	and	dried	under	N2(g).	After	dissolving	the	samples	in	
50%	acetonitrile,	5	µl	was	analyzed	by	LC-tandem	MS	(Quattro	Ultima	Triple	Quad;	Waters,	
Milford,	MA,	USA).	A	flow	of	0.2	ml/min	of	90%	acetonitril	(isocratic)	with	a	total	run	time	
of	3	minutes	was	used.	The	MS	operated	in	negative	electrospray	ionization	mode	with	the	
following	settings:	capillary	voltage,	3.5	kV;	cone	voltage,	35	V;	source	 temperature,	110	
oC; desolvation temperature, 150oC. The ions m/z 514.3 (taurocholic acid) and m/z 518.3 
(4D-taurocholic	acid)	were	measured.	Quantification	was	performed	by	using	a	calibration	
curve	of	taurocholic	acid	in	the	range	of	0	–	5	µmol/L.
 
Confocal fluorescence microscopy
Differentiated	 Caco-2	 cells	 on	 glass	 coverslips	 were	 fixed	 in	 4%	 paraformaldehyde	 and	
permeabilyzed	in	PBS	containing	0.1%	(w/v)	Saponin	(Sigma)	and	0.2%	(w/v)	BSA.	Fixed	
cells	were	incubated	overnight	at	4	ºC	with	primary	antibodies;	mouse	anti-FXR	(PPA9033A,	
PPMX,	Tokyo,	 Japan),	mouse	 anti-E	 cadherin	 (ab1416,	Abcam,	Cambridge,	UK),	mouse	
anti-CD13	 (wm-47,	 Genetex,	 Irvine,	 CA,	 USA),	 rabbit	 anti-OSTα (hA327), rabbit anti-
OSTβ (hB1) (47) or rabbit anti-ASBT (48). Antibodies	were	detected	using	goat-anti-mouse-
alexa-488	(A11029,	Invitrogen)	or	goat-anti-rabbit-Cy3	(Jackson	ImmunoReaserch,	Uden,	
the	Netherlands)	and	nuclei	were	visualized	by	DAPI	(Sigma)	staining.	Images	were	acquired	
using	a	LSM710	Meta	confocal	microscope	(Carl	Zeiss,	Jena,	Germany).	Identical	confocal	
settings	were	used	for	all	clones.	

Quantitative Reverse Transcriptase Polymerase Chain Reaction
Total	 RNA	 was	 isolated	 from	 differentiated	 Caco-2	 cells	 in	 biological	 quintuplicate	
for	 each	 experimental	 condition	 using	 TRIZOL	 reagent	 (Invitrogen),	 according	 to	 the	
manufacturer’s	protocol.	The	quality	and	the	amount	of	the	isolated	RNA	was	checked	using	
gel	electrophoresis	and	by	spectrophotometric	analysis.	Complementary	DNA	(cDNA)	was	
generated	from	1	μg	of	total	RNA	using	random	hexamer	primers	(Roche)	and	Superscript	
II	 reverse	 transcriptase	 (Invitrogen).	 Quantitative	 reverse	 transcriptase	 polymerase	 chain	
reactions	(qRT-PCR)	contained	5µl	20-fold	diluted	cDNA,	7.5	μl	SYBrGreen	mix	(Biorad)	
and	0.25mM	forward	and	reverse	primers	(Table	1)	in	a	total	reaction	volume	of	15	μl. The 
PCR	reaction	was	performed	on	a	MyIQ	real	time	PCR	cycler	(Biorad,	3	min	95ºC,	40	cycles	
of	30	s	95ºC,	15	s	61ºC,	30	s	72ºC).	Results	are	presented	as	fold	induction,	normalized	to	
TATA	Binding	Protein	(TBP),	which	was	selected	as	the	most	stable	reference	gene	across	all	
cDNA samples according to (49).
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cRNA amplification, Illumina® bead array hybridization, normalization and statistics 
Illumina 8.2 human rev beadchips (Illumina B.V., Son, the Netherlands) containing over 
21,000	features,	were	used	for	expression	analysis	according	to	the	manufacturer’s	protocol.	
In	short,	amplified	cRNA	for	hybridisation	on	the	beadchips	was	generated	using	500ng	total	
RNA	(Ambion,	Sanbio	B.V.,	Uden,	the	Netherlands).	In	the	in vitro transcription reaction, 
11-biotin-dUTP	(Ambion)	was	incorporated	in	the	cRNA	and	subsequently	labeled	with	Cy3.	
The	quality	of	the	amplified	cRNA	was	checked	in	a	bioanalyzer	(2100;	Agilent,	Amstelveen,	
the	Netherlands).	The	cRNA	samples	 (750ng)	were	hybridized	on	 the	 Illumina	beadchips	
for	16	hours	at	56ºC.	Hybridized	biotinylated	transcripts	were	detected	by	strepavidin-Cy3	
and scanning in an Illumina beadstation 500 (San Diego, CA, USA). Using the Illumina 
Beadstudio	software,	the	data	was	normalized	by	rank	invariant	analysis	and	corrected	for	
inter-chip variations (MIAME Accession array data E-TABM-989). 
Statistically	significant	changes	in	gene	expression	were	determined	by	using	the	Illumina	
custom	method	supplied	in	this	software,	based	on	the	analysis	of	variance.	Genes	with	a	
differential	score	lower	than	-50	or	higher	than	50	in	the	A5	clone	and	with	a	differential	score	
of	lower	than	-10	or	higher	than	10	in	the	B3	and	A3	clones were	regarded	as	differentially	
expressed.	 Cluster	 diagrams	 were	 made	 by	 Genespring	 software	 (version	 7.2,	 Silicon	
Genetics,	Redwood	City,	CA,	USA)	
In	the	list	of	differentially	expressed	genes,	overrepresentation	of	groups	of	genes	involved	in	
specific	biological	processes	(according	to	the	gene	ontology	annotation;	www.geneontology.
org)	was	determined	by	the	web	based	program	Genetrail	(http://genetrail.bioinf.uni-sb.de/
index.php)	The	following	parameters	were	used:	hypergeometric	 test	 in	combination	with	
false	 discovery	 rate	 (FDR)	 adjustment	 (Benjamini-Hochberg	 correction)	 and	 significance	
threshold	of	0.05.	Significant	GO	terms	containing	6	or	more	genes	were	included	in	the	final	
results.

Gene 5'-3' forward primer sequence 5'-3' reverse primer sequence
TBP GAACATCATGGATCAGAACAACA ATAGGGATTCCGGGAGTCAT
ATP8B1 GCATTTCAATTTACAGGCACAG GACGGGTAGTAAGCACACAG
IBABP TCAGAGATCGTGGGTGACAA TCACGCGCTCATAGGTCA
SHP AGGGACCATCCTCTTCAACC TTCACACAGCACCCAGTGAG 
OSTα TTCCTCTAAAACCAGGTCTCAAGT GCACAGTCATTAGAAAAGTCTCCA 
FXR CTACCAGGATTTCAGACTTTGGAC GAACATAGCTTCAACCGCAGAC
ASBT TCTGGCTAGAATTGCTGGTCT CAGGAGTGAAGGAGAGCTGAA

Table 1. Quantitative RT-PCR primers used in this study
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Results

Impaired bile salt uptake in ATP8B1-depleted Caco-2 cells. 
The	diarrhea	seen	in	patients	with	ATP8B1	deficiency	is	hypothesized	to	be	due	to	bile	salt	
malabsorption.	We	therefore	investigated	the	uptake	of	taurocholic	acid	(TA)	across	the	apical	
membrane	in	ATP8B1	depleted	Caco-2	cells	(44).	Monolayers	of	differentiated	Caco-2	cells	
were	incubated	with	TA	for	0,	10,	20	and	60	minutes	and	the	TA	concentrations	in	cell	lysates	
were	 analyzed.	TA	 concentrations	 in	Caco-2	 control	 cell	 lines	 (WT;	 data	 not	 shown	 and	
EV1)	were	comparable	at	each	time	point	and	were	approximately	17	μM	after	60	minutes.	
However,	ATP8B1 depleted	Caco-2	cell	clones	displayed	markedly	and	significantly	reduced	
TA concentrations in lysates (2-8 μM	after	60	min)	(Figure	1),	indicating	reduced	uptake	of	
TA.	Control	experiments	in	HEK293T	cells	to	validate	the	specificity	of	this	assay	indicated	
that	TA	uptake	could	be	 induced	at	 least	10-fold	by	overexpression	of	NTCP	(SLC10A1;	
liver	specific	sodium	taurocholate	cotransporting	polypeptide)	(data	not	shown).	In	addition,	
TA	uptake	 in	WT	Caco-2	cells	was	exclusively	mediated	by	 the	apical	plasma	membrane	
domain	of	differentiated	cells	(Supplementary	Figure	S1	and	S2).

Farnesoid X Receptor localization, expression and signaling is normal in ATP8B1- 
depleted Caco-2 cells. 
It	 has	been	proposed	 that	ATP8B1	deficiency	 results	 in	 reduced	activity	of	FXR,	 thereby	
providing	a	potential	explanation	for	the	cholestasis	in	patients	with	ATP8B1	deficiency.	To	
investigate	 this	hypothesis,	FXR	expression,	 localization	and	activity	 in	ATP8B1-depleted	
Caco-2	cells	was	assessed.	

0

2

4

6

8

10

12

14

16

18

20

T ime (min)

T
au

ro
ch

o
li

c
ac

id
μ

m
o

l/
L

10 20 30 40 50 60

Figure 1. Taurocholic acid malabsorbtion in 
ATP8B1-depleted Caco-2 cells.
Taurocholic acid uptake in control (EV1, black 
squares) and ATP8B1-depleted (A3 gray spheres, 
A5	 black	 spheres,	 B3	 white	 spheres)	 Caco-2	
cells.	 Experiments	 were	 performed	 in	 triplicate	
and error bars represent standard deviations. One 
representative	 experiment	 out	 of	 four	 is	 shown.	
T-tests	performed	at	t=60	min.	revealed	significant	
differences	 (A3	vs	EV1;	 p=0.00015,	A5	vs	EV1;	
p=0.01380, B3 vs EV1; p=0.00396).
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Confocal	 immunofluorescence	 localization	 revealed	 that	 endogenous	 FXR	 is	 localized	
predominantly in the nucleus in both control (WT and EV1) and ATP8B1-depleted 
differentiated	Caco-2	cells	(Figure	2a).	As	a	control	for	antibody	specificity	we	transfected	
U2OS	cells	with	FXR4α,	and	readily	detected	FXR	in	nuclei	of	transfected	cells,	but	not	in	
untransfected	cells.
Next,	we	analyzed	FXR	activation	in	ATP8B1-depleted	Caco-2	cells	by	transient	transfection	of	
a	luciferase	reporter	containing	the	FXR-dependent	IBABP	promoter.	Transient	transfections	
prohibited	analysis	of	fully	differentiated	Caco-2	cells.	 In	agreement	with	 the	observation	
that	FXR	 is	 solely	 expressed	 in	differentiated	enterocytes	 at	 the	 top	of	 the	 intestinal	villi	
(50),	FXR	is	not	expressed	in	undifferentiated	Caco-2	cells,	as	is	evidenced	by	absence	of	
reporter	activity	in	cells	without	FXR	transfection	(Figure	2b)	and	by	very	low	FXR	mRNA	
expression	levels	in	undifferentiated	compared	to	14	days	differentiated	Caco-2	cells	(Figure	
2c). To	circumvent	 this,	we	overexpressed	 the	 intestinal	 isoforms	of	FXR	 (FXRα3/a4) in 
undifferentiated	Caco-2	cells.	We	used	both	intestinal	FXR	isoforms	in	these	reporter	assays	
to	exclude	FXR	isoform-specific	effects.	Consistent	with	previous	observations	(51),	FXRα4 
appeared	to	be	a	stronger	activator	of	transcription	compared	to	FXRα3 (Figure 2b). Reporter	
activity	was	markedly	induced	by	both	CDCA	and	the	synthetic	FXR	ligand	GW4064	in	the	
control	cell	line	(EV1)	(Figure	2b).	FXR	was	activated	to	the	same	extent	in	the	A3,	A5,	B3	
cell	lines,	indicating	unchanged	FXR	activation	in	ATP8B1-depleted	cells.
To	assess	endogenous	FXR	activation	in	differentiated	Caco-2	cells,	qRT-PCR	analysis	was	
performed.	 The	 FXR	 ligands	 CDCA	 and	 GW4064	 showed	 similar	 inductions	 of	 mRNA	
expression	levels	of	FXR	and	FXR	target	genes	(IBABP	and	OSTα) in the control and the 
ATP8B1-depleted cell lines (Figure 2d). Taken together, these results clearly indicate that 
the impaired bile salt uptake in ATP8B1-depleted Caco-2	cells	is	not	due	to	defective	FXR	
signaling.

Figure 2. FXR localization, expression and signaling are unperturbed in ATP8B1- depleted Caco-2 cells.
(A)	Confocal	immunofluorescence	staining	of	endogenously	expressed	FXR	(green)	in	differentiated	Caco-2	EV1	control	cell	line	
and	 in	differentiated	ATP8B1-depleted Caco	cell	 lines	A3,	A5,	B3.	Nuclei	are	stained	with	DAPI	(blue).	U2OS	cells	 transiently	
transfected	with	pcDNA3.1-FXRα4	were	immunostained	with	FXR	antibody	and	nuclei	were	counterstained	with	DAPI.	White	star	
indicates	an	untransfected	U2OS	cell.	(B)	Reporter	assays	in	EV1,	A3,	A5,	B3	cell	lines	using	a	luciferase	reporter	containing	the	
IBABP	promoter.	Undifferentiated	cells	were	transfected	with	the	indicated	plasmids.	The	next	day,	culture	medium	was	replaced	
with	either	normal	medium	(white	bars,	untreated),	medium	supplemented	with	100μM	CDCA	(gray	bars)	or	with	medium	containing	
1μM	GW4064	(black	bars).	After	24	hours,	cells	were	lysed	and	luciferase	activity	was	determined.	The	experiment	was	performed	
in	quadruplicate	 and	error	bars	 represent	 standard	deviations.	One	 representative	 experiment	out	of	 four	 is	 shown.	Values	were	
corrected	for	Renilla	luciferase	expression	and	normalized	for	untransfected,	nontreated	cells	(C)	Relative	FXR	mRNA	expression	
levels	were	determined	by	qRT-PCR	in	lysates	from	WT	Caco-2	cells	that	were	undifferentiated	(100%	confluent)	or	completely	
differentiated	(14	days	post	confluency;	14dpc)	(D)	Relative	FXR,	IBABP	and	OSTα	mRNA	expression	levels	were	determined	by	
qRT-PCR	in	differentiated	EV1,	A3,	A5,	B3	Caco-2	cell	lines.	Cells	were	either	non	treated	(white	bars),	treated	with	100µM	CDCA	
for	24	hours	(gray	bars),	or	treated	with	1μM	GW4064	in	the	medium	(black	bars).	TBP	was	used	as	reference	gene.	The	experiment	
was	performed	in	quadruplicate	and	error	bars	represent	standard	deviations.	One	representative	experiment	out	of	three	is	shown.	
Results	are	presented	as	fold	inductions	compared	to	untreated	cells.
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Localization of ASBT and the heteromeric OSTα/β complex in ATP8B1-depleted Caco-2 
cells. 
We	next	investigated	whether	the	reduced	bile	salt	uptake	in	ATP8B1-depleted	cells	was	due	
to	mislocalization	of	apical	and	basolateral	bile	salt	transporters	in	these	cells.	In	control	cell	
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Figure 3. Apical localization of ASBT and basolateral 
localization of the hetromeric OSTαβ complex in ATP8B1-
depleted Caco-2 cells.
(A)	 Confocal	 immunofluorescence	 staining	 of	 endogenously	
expressed	ASBT	in	differentiated	control	(WT,	EV1)	and	ATP8B1-
depleted (A3, A5, B3) Caco-2 cell lines (red). Aminopeptidase N 
(CD13)	was	used	as	an	apical	marker	(green).	(B)	Relative	ASBT	
mRNA	 levels	 as	 determined	 with	 qRT-PCR	 in	 differentiated	
control (EV1) and ATP8B1-depleted (A3, A5, B3) Caco-2 cells. 
TBP	was	used	as	a	reference	gene.	The	experiment	was	performed	
in	 quadruplicate,	 one	 representative	 experiment	 out	 of	 three	
is	 shown.	Results	 are	 presented	 as	 fold	 inductions	 compared	 to	
the empty vector control cell line (EV1), error bars represent 
standard deviations. (C)	 Confocal	 immunofluorescence	 staining	
of	 endogenously	expressed	OSTβ	 in	differentiated	control	 (WT,	
EV1) and ATP8B1-depleted (A3, A5, B3) Caco-2 cell lines (red). 
E-cadherin	 (E-cad)	 was	 used	 as	 a	 basolateral	 marker	 (green).	
Nuclei	were	stained	with	DAPI	(blue).	
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lines	ASBT	co-localized	with	the	apical	plasma	membrane	marker	CD13	(Aminopeptidase	
N)	in	the	patchy	pattern	typical	of	apically	resident	proteins	in	differentiated	Caco-2	cells	
(Figure	3a).	In	contrast,	ASBT	protein	was	almost	undetectable	in	all	three	ATP8B1-depleted	
Caco-2	 cell	 clones	 (Figure	3a).	ASBT	mRNA	expression	was	 also	 reduced	 in	 two	out	of	
three ATP8B1-depleted cell lines (Figure 3b). The OSTα/β	heterodimer	co-localized	with	
the	basolateral	marker	e-cadherin	at	the	basolateral	plasma	membrane	in	both	differentiated	
control and ATP8B1-depleted Caco-2	 cells	 without	 any	 changes	 in	 morphology	 of	 the	
basolateral membranes (OSTβ; Figure 3c, OSTα;	data	not	shown).	

Prominent differential expression of genes encoding plasma membrane proteins in 
ATP8B1-depleted Caco-2 cells. 
To	understand	the	consequences	of	ATP8B1-depletion	in	Caco-2	cells	in	more	detail,	cDNA	
microarray	analysis	was	performed	using	the	Illumina	bead	array	technology.	In	total	8576	
genes,	present	on	the	Illumina	beadchips,	were	expressed	in	differentiated	Caco-2	cells,	of	
which	263	genes	were	differentially	expressed	 in	all	 three	ATP8B1	knockdown	cell	 lines	
(A3, A5, B3) compared to the control cell line (EV1). From these 263 genes, 19 genes 
displayed	opposite	effects	in	one	of	the	three	knock	down	clones	and	were	excluded	from	
further	analysis.	Of	the	remaining	244	differentially	expressed	genes,	75	genes	were	induced	
more	than	1.5-fold	and	169	genes	were	downregulated	over	1.3-fold	(Figure	4a).	
To	investigate	which	cellular	processes,	represented	by	the	244	differentially	expressed	genes,	
were	affected	in	the	ATP8B1	Caco-2	knock	down	cells,	we	performed	gene	set	enrichment	
analysis	using	the	web-based	program	Genetrail.	In	the	enrichment	analyses,	we	compared	
the	244	differentially	expressed	genes	in	ATP8B1	knockdown	cells	to	the	Caco-2	cell	specific	
gene	list,	to	determine	which	Gene	Ontology	categories	were	relatively	more	abundant	than	
could	be	expected	on	the	basis	of	random	distribution.
In	the	GO	category	‘cellular	component’,	we	observed	a	marked	enrichment	of	genes	grouped	
in	 the	 subcategory	 ‘membrane’	 (Table	 2).	Of	 the	 244	 differentially	 expressed	 genes,	 100	
genes	were	grouped	in	the	GO	category	‘membrane’,	where	we	only	expected	71	(of	8576	
genes	in	total)	genes	by	chance,	indicative	for	a	highly	significant	1.4-fold	enrichment.	Even	
more	 remarkable	 are	 the	 2.2-fold	 enrichment	 in	 the	 subcategory	 ‘plasma	membrane’	 and	
the	3.6	fold	enrichment	in	the	category	‘intrinsic	to	plasma	membrane’	(Table	2).	Of	the	53	
genes	encoding	proteins	associated	with	the	plasma	membrane,	17	genes	were	upregulated	
and	36	genes	were	downregulated	(Figure	4b	and	Table	3).	These	data	suggest	that	loss	of	
ATP8B1	protein	expression	results	in	an	aberrant	mRNA	expression	profile	of	proteins	that	
are	associated	with	the	plasma	membrane.	
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Discussion

Chronic	diarrhea	is	a	frequently	observed	extrahepatic	symptom	observed	in	patients	with	
ATP8B1	deficiency	that	may	aggravate	after	liver	transplantation.	Bile	acid	resins	and	partial	
biliary	 diversion	 lower	 the	 amount	 of	 bile	 salts	 in	 the	 intestine	 and	 resolve	 the	 chronic	
diarrhea,	suggesting	that	bile	salt	malabsorption	is	a	probable	cause	for	the	diarrhea	seen	in	
these	patients.	In	this	study,	we	aimed	to	investigate	the	consequences	of	ATP8B1	deficiency	
in enterocytes in vitro,	using	Caco-2	cells,	which	differentiate	into	a	well-established	mature	
enterocyte-like	cell	model	upon	confluence.	Our	data	reveal	that	bile	salt	transport	is	severely	
compromised	in	ATP8B1-depleted	Caco-2	cells	(Figure	1)	and	we	demonstrate	that	this	is	
not	 due	 to	mislocalization	 of	 bile	 salt	 transport	 proteins	OSTα/β (Figure 3) or decreased 
FXR	 signaling	 (Figure	 2).	 In	 contrast,	 ATP8B1-depleted	 Caco-2	 cells	 display	 profound	
reduction	 of	ASBT	 expression	 at	 the	 apical	membrane	 (Figure	 3).	Moreover,	microarray	
analysis	revealed	that	mRNA	levels	of	specifically	plasma	membrane-associated	proteins	are	
aberrantly	expressed	in	ATP8B1-depleted	Caco-2	cells	(Figure	4	),	indicating	a	more	general	
problem	at	the	level	of	the	plasma	membrane	in	the	ATP8B1	knock	down	cell	lines.	Bile	salt	
malabsorption	is	a	recognized	cause	of	chronic	watery	diarrhea.	Ileal resection and ileal disease 
(e.g.	Crohn’s	disease)	are	known	to	cause	bile	salt	malabsorption	and	chronic	diarrhea	(52).	
Complete	absence	of	intestinal	microvilli	as	observed	in	patients	with	congenital	microvillus	
inclusion disease also results in chronic diarrhea (53). Bile salt reabsorption at the apical 
membrane is mainly mediated by ASBT and hereditary mutations in SLC10A2 encoding 
ASBT	are	 associated	with	 a	 disease	 called	 primary	 bile	 acid	malabsorption,	 an	 intestinal	
disorder	associated	with	congenital	diarrhea	(43).	Normally,	95%	of	the	bile	salts	secreted	by	
the	liver	are	reabsorbed	in	the	small	intestine	and	therefore	colonic	bile	salt	concentrations	
are	usually	very	low.	Increased colonic bile salt levels secondary to malabsorption activate 
secretion	 of	 fluid	 and	 electrolytes	 (52),	 most	 probably	 by	 inhibition	 of	 colonic	 sodium	
absorption, causing diarrhea (54, 55). In addition, malabsorbed bile salts may also increase 
colonic	 permeability	 by	 disturbance	 of	 tight	 junction	 integrity,	 thereby	 providing	 another	
mechanism	 for	 the	 etiology	 of	 diarrhea	 (56-58).	The observed bile salt malabsorption in 
ATP8B1-depleted	Caco-2	cells	may	 therefore	well	 explain	 the	chronic	watery	diarrhea	 in	
patients	with	ATP8B1	deficiency.	In	conjunction	with	our	results,	Groen	et al.	showed	that	

Figure 4. Prominent differential expression of genes encoding plasma membrane proteins in ATP8B1-depleted Caco-2 cells. 
(A)	Cluster	analysis	of	244	genes	differentially	expressed	in	control	(EV1)	and	ATP8B1-depleted	(A3,	A5,	B3)	Caco-2	cell	lines	in	
5	biological	replicates.	The	significantly	differentially	expressed	genes	are	shown	in	a	cluster	diagram	using	a	standard	correlation	
coefficient.	Downregulated	genes	in	ATP8B1-depleted	cells	in	green,	upregulated	gene	expression	in	ATP8B1-depleted	cells	in	red.	
(B)	Cluster	 analysis	of	differentially	expressed	genes	encoding	plasma	membrane	associated	proteins	 significantly	differentially	
expressed	in	ATP8B1-depleted	Caco-2	cells.	Downregulated	genes	in	ATP8B1-depleted	cells	in	green,	upregulated	gene	expression	
in ATP8B1-depleted cells in red.
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Atp8b1G308V/G308V	mutant	mice,	the	animal	model	of	ATP8B1	deficiency,	have	decreased	levels	
of	radioactive	bile	salts	in	bile	after	jejunal	and	ileal	bile	acid	perfusions	(59).	However,	this	
may be caused by increased bile salt pool sizes in Atp8b1G308V/G308V mutant mice. 
Recent	 reports	 have	 proposed	 that	 the	 pathophysiology	 of	ATP8B1	 deficiency	 could	 be	
explained	 through	 decreased	 transcriptional	 activity	 of	 the	 nuclear	 Farnesoid	X	Receptor	
(FXR)	(35, 36, 60, 61). Chen et al. (36) and Alvarez et al.	(35)	reported	reduced	FXR	target	
gene	levels	in	ileal	and	liver	biopsies	of	ATP8B1	deficient	patients	compared	to	controls.	It 
should	be	noted	that	expression	of	FXR	and	FXR	target	genes	was	also	decreased	in	liver	
biopsies	of	PFIC2	patients	and	 in	a	patient	with	biliary	atresia	 (62),	 suggesting	 that	FXR	
downregulation	is	secondary	to	cholestasis.	Chen	et al.	also	reported	that	FXR	and	FXR	target	
gene	expression	was	reduced	in	undifferentiated	Caco-2	cells	in	which	ATP8B1	was	knocked	
down	transiently	(36).	The	validity	of	those	observations	is	disputable,	because	ATP8B1	has	
a	relatively	long	half-life	(>5	days)	and	because	both	ATP8B1	(44)	and	FXR	(Figure	2	and	
(50))	 protein	 expression	 is	markedly	 induced	upon	differentiation	of	Caco-2	 cells.	 In our 
studies, endogenous ATP8B1	mRNA	expression	was	markedly	and	stably	downregulated,	
enabling	 analysis	 of	 differentiated	 Caco-2	 cells.	 In	 this	 model,	 no	 known	 FXR	 target	
genes,	with	the	exception	of	SHP,	were	differentially	expressed	as	revealed	by	microarray	
analysis	(Figure	4),	and	confirmed	by	qRT-PCR	(Figure	2d).	In	addition,	endogenous	FXR	is	
predominantly	expressed	in	the	nucleus	of	ATP8B1-depleted cells and control cells (Figure 
2a), in apparent contrast to the model proposed by Chen et al. (36). Finally, our reporter 
assays	show	that	 ligand-induced	FXR	activity	 is	unperturbed	 in	ATP8B1-depleted	Caco-2	
cells. In	conjunction	with	our	results,	Fxr	target	gene	expression	and	signaling	was	intact	in	
intestines	of	Atp8b1G308V/G308V mutant mice (59, 63) and Cai et al.	also	reported	unaffected	

P-Value Observed Expected Enrichment
3,88E-04 100 71,3 1,4

4,85E-03 79 57,2 1,4

8,10E-04 72 47,4 1,5

8,17E-04 72 47,6 1,5

7,78E-07 53 24 2,2

7,78E-07 40 15,3 2,6

9,88E-10 36 9,9 3,6

Integral to plasma membrane 9,88E-10 36 9,9 3,6

3,81E-05 23 7,5 3,1

1,54E-02 12 4,9 2,4

3,72E-02 8 3,1 2,5

Plasma membrane part 

Intrinsic to plasma membrane 

Extracellular region 

Extracellular region part 

Extracellular space 

GO Cellular component
Membrane 

Membrane part 

Intrinsic to membrane 

Integral to membrane 

Plasma membrane 

Table 2. Gene set enrichment analysis based on Gene Ontology

The	webbased	program	Genetrail	was	used	to	determine	which	groups	of	genes	were	overrepresented	in	the	list	of	244	differentially	
expressed	genes.	Indicated	in	the	table	are	the	gene	categories	overrepresented,	the	significance	of	this	overrepresentation	(p-value),	
the	observed	number	of	genes	in	the	particular	category,	the	number	of	genes	expected	in	the	category	based	on	random	distribution,	
and	the	enrichment	factor	(observed	#	of	genes	/	expected	#	genes	*	100%).
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A3 A5 B3
GABRB1 gamma-aminobutyric acid (GABA) A receptor, beta 1 NM_000812.2 0,72 0,04 0,4
TSPAN7  tetraspanin 7 NM_004615.2 0,42 0,04 0,13

OLR1  oxidised low density lipoprotein (lectin-like) receptor 1 NM_002543.2 0,05 0,06 0,14
NTF3  neurotrophin 3 NM_002527.3 0,17 0,07 0,14

CD163  CD163 antigen, transcript variant 1 NM_004244.3 0,1 0,08 0,18
CD36  CD36 antigen (collagen type I receptor, thrombospondin receptor) NM_001001548.1 0,12 0,09 0,21

SLC2A9  solute carrier family 2 (facilitated glucose transporter), member 9 NM_001001290.1 0,45 0,09 0,38
KCNJ8  potassium inwardly-rectifying channel, subfamily J, member 8 NM_004982.2 0,45 0,09 0,29
LRMP  lymphoid-restricted membrane protein (LRMP), mRNA. NM_006152.2 0,52 0,1 0,45

SCN9A  sodium channel, voltage-gated, type IX, alpha NM_002977.1 0,23 0,12 0,28
PCHD7  BH-protocadherin (brain-heart) NM_002589.2 0,64 0,12 0,56

RASGRP3  RAS guanyl releasing protein 3 (calcium and DAG-regulated) NM_170672.1 0,1 0,13 0,13
GPC5  glypican 5 NM_004466.3 0,75 0,15 0,4

PMP22  peripheral myelin protein 22 NM_153322.1 0,33 0,15 0,17
HMOX1  heme oxygenase (decycling) 1 NM_002133.1 0,4 0,16 0,27
IL1RAP  interleukin 1 receptor accessory protein NM_002182.2 0,24 0,16 0,22
LRP2  low density lipoprotein-related protein 2 (LRP2), mRNA. NM_004525.1 0,59 0,16 0,25

SLC23A1  solute carrier family 23 (nucleobase transporters), member 1 NM_152685.2 0,56 0,17 0,48
RASD1  RAS, dexamethasone-induced 1 NM_016084.3 0,39 0,17 0,34
GRB10  growth factor receptor-bound protein 10 NM_005311.3 0,36 0,19 0,43
MME membrane metallo-endopeptidase (CD10) NM_007288.1 0,17 0,22 0,26

ADAM23  ADAM metallopeptidase domain 23 NM_003812.2 0,2 0,23 0,29
PHEX  phosphate regulating endopeptidase homolog, X-linked NM_000444.2 0,32 0,23 0,56

RAB7L1  RAB7, member RAS oncogene family-like 1 NM_003929.1 0,8 0,25 0,38
NRCAM  neuronal cell adhesion molecule (NRCAM), mRNA. NM_005010.2 0,45 0,31 0,44

PTK7 protein tyrosine kinase 7 NM_152882.2 0,45 0,37 0,5
ABCG1  ATP-binding cassette, sub-family G (WHITE), member 1 NM_207629.1 0,48 0,39 0,5
IL11RA  interleukin 11 receptor, alpha NM_004512.3 0,44 0,41 0,4
NTSR1  neurotensin receptor 1 NM_002531.1 0,43 0,43 0,12
FZD2 frizzled homolog 2 (Drosophila) NM_001466.2 0,48 0,48 0,26
LY6E  lymphocyte antigen 6 complex, locus E (LY6E) NM_002346.1 0,76 0,48 0,48
CSK c-src tyrosine kinase NM_004383.1 0,67 0,54 0,51

GM2A  GM2 ganglioside activator NM_000405.3 0,77 0,59 0,53
RHOQ  ras homolog gene family, member Q NM_012249.2 0,48 0,59 0,38

TM7SF2  transmembrane 7 superfamily member 2 NM_003273.1 0,48 0,63 0,62
ATP1B1  ATPase, Na+/K+ transporting, beta 1 polypeptide NM_001001787.1 0,65 0,75 0,54

PTRF  polymerase I and transcript release factor NM_012232.2 2,85 3,68 1,62
EPHA2  EPH receptor A2 NM_004431.2 2,55 4,4 1,71

TM4SF4  transmembrane 4 L six family member 4 NM_004617.2 3,33 4,42 5,24
ITGB4  integrin, beta 4 NM_001005619.1 3,23 5,54 2,67
RRAS  related RAS viral oncogene homolog NM_006270.2 3,13 5,82 3,52
MSLN  mesothelin NM_005823.4 2,64 6,07 2,25
GPR92  G protein-coupled receptor 92 NM_020400.4 2,6 6,37 4,57
SPRY2  sprouty homolog 2 (Drosophila) NM_005842.2 3,06 6,47 3,99

ANXA13  annexin A13 NM_001003954.1 2,43 6,62 3,06
SLC2A1  solute carrier family 2 (facilitated glucose transporter), member 1 NM_006516.1 3,87 6,63 1,63
MUC1  mucin 1, transmembrane (MUC1), transcript variant 4, mRNA. NM_001018021.1 4,99 6,93 4,09

CEACAM5  carcinoembryonic antigen-related cell adhesion molecule 5 NM_004363.1 13,92 7,76 9,67
CEACAM6  carcinoembryonic antigen-related cell adhesion molecule 6 NM_002483.3 8,23 8,35 9,23

GPA33  glycoprotein A33 (transmembrane) (GPA33), mRNA. NM_005814.1 4,87 10,39 9,69
GBP2  guanylate binding protein 2, interferon-inducible NM_004120.3 2,85 11,14 5,88

CEACAM1  carcinoembryonic antigen-related cell adhesion molecule 1 NM_001712.3 8,44 11,58 18,24
ALPPL2  alkaline phosphatase, placental-like 2 NM_031313.1 14,39 46,6 5,06

 Gene Gene name  Gene identi�er
Caco-2 ATP8B1 depleted cell line

Table 3. Genes encoding plasma membrane associated proteins differentially expressed in ATP8B1-depleted Caco-2 cells

Indicated	in	the	table	are	the	genes,	gene	names,	gene	identifiers	and	the	fold	differential	expression	in	each	individual	ATP8B1	
depleted Caco-2 cell line (A3, A5, B3) compared to control Caco-2 cells (EV1).



C
ha

pt
er

 6

144

FXR	 signaling	 in	ATP8B1-depleted	 Caco2	 cells	 (64).	Taken together, these independent 
approaches	provide	compelling	evidence	that	FXR	signaling	is	not	affected	in	differentiated	
ATP8B1-depleted Caco-2	 cells	 and	 therefore	 suggest	 that	 impaired	 FXR	 signaling	 is	 not	
primarily	responsible	for	the	pathology	seen	in	patients	with	ATP8B1	deficiency.
In	contrast,	our	data	suggest	that	the	bile	salt	malabsorption	is	due	to	reduced	cell	surface	
expression	of	the	apical	inward	bile	salt	transporter	ASBT	(Figure	3a).	This	may	be	part	of	
a	more	general	problem	of	the	apical	membrane,	especially	as	recent	observations	suggest	
that	ATP8B1	deficiency	causes	aberrant	morphology	of	this	membrane.	This	was	shown	in	
the	 canalicular	membranes	 of	 liver	 cells	 from	 patients	with	ATP8B1	 deficiency	 (65)	 and	
of	Atp8b1G308V/G308V	 mutant	mice	 when	 fed	 a	 cholate-supplemented	 diet	 (66).	 In	 addition,	
stereocilia	 of	 cochlear	 hair	 cells	 in	 normal	mice	 abundantly	 express	Atp8b1,	 but	 display	
progressive degeneration in Atp8b1G308V/G308V mutant mice (21). In	 conjunction	 with	 this	
observation,	transmission	electron	microscopy	revealed	that	microvilli	are	reduced	by	50%	
and are shorter compared to control cell lines in ATP8B1-depleted cells (44). In addition, 
genes	 encoding	 plasma	 membrane	 proteins	 are	 specifically	 differentially	 expressed	 and	
mostly	 downregulated	 in	ATP8B1-depleted Caco-2 cells (Figure 4b). This suggests that 
microvilli	 formation	 is	 tightly	 connected	 to	 plasma	membrane	 protein	 biosynthesis.	This	
coupling	may	repress	protein	synthesis	when	formation	of	microvilli	is	perturbed,	to	prevent	
excessive	loading	of	the	apical	membrane	with	proteins.	Alternatively,	ASBT	activity	may	
be	reduced	due	to	the	loss	of	phospholipid	asymmetry	in	the	plasma	membrane	as	an	effect	
of	ATP8B1	deficiency.	
In	conclusion,	we	show	that	ATP8B1 depletion in Caco-2 cells leads to bile salt malabsorption 
most	likely	caused	by	a	severe	decrease	in	apical	membrane	ASBT	expression.	We	propose	
that	ATP8B1	deficiency	 in	 the	 intestine	 causes	 bile	 salt	malabsorption	 leading	 to	 chronic	
diarrhea.
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Supplemental Figure S1. Taurocholic acid 
transport in wild type Caco-2 cells on transwell 
filters.
Differentiated	 wild	 type	 Caco-2	 cells	 grown	 in	
a	 transwell	 system	 were	 incubated	 for	 different	
time	intervals	with	50µM	TA.	Basolateral	to	apical	
transport	was	measured	by	adding	TA	to	the	basal	
chamber medium and by sampling the apical 
medium (black squares). Apical to basolateral 
transport	was	performed	vice	versa	(gray	spheres).		
Averages	of	duplicate	experiments	are	shown.
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Supplemental Figure S2. Taurocholic acid uptake in wild type Caco-2 cells. 
Differentiated	wild	 type	Caco-2	 cells	were	 incubated	with	 5µM	 (black	 squares)	 or	 17µM	TA	 (gray	 spheres)	 for	 different	 time	
intervals.	Undifferentiated	 (1	 day	 post	 confluence)	 Caco-2	wild	 type	 cells	were	 incubated	with	 17µM	TA	 (white	 triangles)	 for	
different	time	intervals.	Experiments	were	performed	in	triplicate	and	error	bars	represent	standard	deviations.
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Mutations in the ATP8B1	 gene	 cause	 familial	 intrahepatic	 cholestasis	 type	1,	 or	ATP8B1	
deficiency.	The	 clinical	 hallmark	 of	ATP8B1	deficiency	 is	 cholestasis	 (the	 impairment	 of	
bile	flow),	which	can	cause	progressive	liver	scarring.	The	disease	was	originally	described	
as	progressive	 familial	 intrahepatic	 cholestasis	 type	1	 (PFIC1)	 (1,	 2)and	benign	 recurrent	
intrahepatic	cholestasis	type	1	(BRIC1)	(3,	4).	Today	it	is	understood	that	these	phenotypic	
presentations	of	ATP8B1	deficiency	are	two	ends	of	a	clinical	continuum	(5).	Patients	with	
ATP8B1	 deficiency	 invariably	 also	 present	 with	 multiple	 extrahepatic	 symptoms,	 which	
include	intractable	diarrhea,	malabsorption,	pancreatitis,	hearing	loss,	growth	retardation	and	
abnormal	sweat	composition	(6-12).	
The	 positional	 cloning	 of	ATP8B1	 told	 us	 “the	who”	 and	 since	 that	 time,	 our	 group	 and	
others	 have	 also	 sought	 to	 understand	 “the	what”	 and	 “the	why”	 of	ATP8B1	 deficiency:	
What	does	ATP8B1	do,	and	why	does	ATP8B1	deficiency	result	in	cholestasis	and	a	variety	
of	extrahepatic	symptoms?	[Adapted	from	P.	Dawson,	Editorial	comment	on	Verhulst	and	
van der Velden et al, Hepatology in press].	In	this	thesis,	we	aimed	to	further	increase	our	
knowledge	 on	 the cellular	 consequences	 of	ATP8B1	 deficiency.	 In	 the	 next	 paragraphs,	
the	current	knowledge	on	“the	who”,	“the	what”	and	“the	why”	of	ATP8B1	deficiency	 is	
integrated	and	discussed	with	the	conclusions	obtained	from	the	research	presented	in	this	
thesis.

1. “The who” of ATP8B1 deficiency.

ATP8B1	belongs	to	the	family	of	P-type	ATPases	which	are	highly	specialized	transporters	
that	 translocate	 a	 specific	 substrate	 across	 a	 membrane	 at	 the	 cost	 of	 ATP	 hydrolysis.	
Following	the	initial	cloning	of	ATP8B1,	different	biochemical	and	cellular	functions	were	
proposed	for	this	protein,	such	as	ion-transporter,	bile	salt	transporter	or	aminophospholipid	
transporter. 
Although	cholestasis	is	the	clinical	hallmark	of	ATP8B1	deficiency,	expression	of	ATP8B1	is	
not	restricted	to	the	canalicular	membrane	of	hepatocytes	in	the	liver.	ATP8B1	protein	is	also	
expressed	at	the	apical	plasma	membrane	of	other	polarized	cell	types	such	as	cholangiocytes,	
enterocytes, acinar cells and cochlear hair cells (11, 13-15)(Chapter 5). The	 extrahepatic	
manifestations	which	include	intractable	diarrhea,	malabsorption,	pancreatitis,	hearing	loss,	
growth	 retardation	 and	 abnormal	 sweat	 composition	 are	 attributed	 to	 the	 loss	of	 function	
of	ATP8B1	 in	 the	 above	mentioned	 cell	 types.	The	 biochemical	 and	 cellular	 function	 of	
ATP8B1	should	not	only	provide	an	explanation	for	the	cholestasis	of	patients	with	ATP8B1	
deficiency	but	should	also	explain	the	extrahepatic	symptoms	observed.	Since	several	of	the	
ATP8B1-expressing	cells	are	not	involved	in	bile	salt	transport	and	APT8B1	overexpression	
does	not	induce	cellular	bile	salt	uptake	or	efflux	(16)	it	is	likely	that	APT8B1	has	no	primary	
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function	in	bile	homeostasis.
Based	on	sequence	homology,	P-type	ATPases	are	divided	into	five	branches	P1-P5	,	which	can	
be	further	divided	into	subclasses	(17).	ATP8B1	belongs	to	the	P4 P-type ATPases (P4 ATPases) 
subclass	1	which	are	thought	to	facilitate	the	inward	translocation	of	(amino)phospholipids	
from	the	outer	to	the	inner	leaflet	of	biological	membranes	(Chapter	2).	It	is	thought	that	this	
activity	is	essential	for	the	establishment	and	maintenance	of	the	asymmetrical	distribution	
of	phospholipids	across	membranes	of	eukaryotic	cells.	Maintenance	of	 the	asymmetrical	
distribution	of	phospholipids	is	important	for	membrane	stability,	vesicular	trafficking	and	
signal transduction (Chapter 2). 
The	presumed	function	as	an	inward	aminophospholipid	translocator	is	in	concurrence	with	a	
more	general	function	for	ATP8B1	in	the	apical	plasma	membrane	of	polarized	cells.

2. Novel insights in “the what” of ATP8B1 deficiency

In this thesis I aimed to address the question; what is the cellular function of ATP8B1 and 
what are the cellular consequences of ATP8B1 deficiency?	Here,	I	will	discuss	six	aspects	of	
ATP8B1	cellular	function	that	were	addressed	in	this	thesis.

2.1. ATP8B1 missense mutations lead to misfolding and ER retention
As	a	first	step	 to	connect	ATP8B1	gene	mutations	with	cellular	consequences	of	ATP8B1	
deficiency,	we	 aimed	 to	 elucidate	why	 different	missense	mutations	 in	ATP8B1 result in 
a	dysfunctional	ATP8B1	protein.	For	missense	mutations	 it	 is	 hard	 to	 predict	 their	 effect	
on	 protein	 function.	 Our	 analysis	 indicates	 that	 the	 majority	 of	 the	 ATP8B1	 mutations	
analyzed	 result	 in	 a	misfolded	protein	 as	 evidenced	by	 reduced	protein	 expression	 levels	
and	localization	of	the	protein	in	the	ER	(Chapter	3).	It	is	thought	that	ATP8B1	needs	to	be	
present	at	the	(apical)	plasma	membrane	to	execute	its	function.	These	missense	mutations	
are	 therefore	 likely	 to	 result	 in	a	dysfunctional	ATP8B1	protein.	The	 results	of	Chapter	3	
further	have	possible	 therapeutical	 implications	and	could	help	 to	answer	why	cholestatic	
episodes	seen	in	BRIC1	patients	are	sometimes	preceded	by	fever.	This	is	further	discussed	
in section 3. 

2.2. No compensation by other plasma membrane resident P4 ATPases
The	 subclass	1	of	P4	ATPases	 to	which	ATP8B1	belongs	 consists	 of	five	other	members,	
ATP8A1, ATP8A2, ATP8B2, ATP8B3 and ATP8B4. P4	 ATPases	 family	 members	
heterodimerize	with	members	of	the	CDC50	protein	family.	However,	the	function	of	CDC50	
proteins in relation to P4 ATPases is still elusive (see Chapter 2). The disease phenotype 
associated	with	ATP8B1	deficiency	suggests	that	ATP8B1	loss	cannot	be	compensated	for	by	
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other P4	ATPase	family	members.	To	address	this	in	more	detail,	we	determined	the	specificity	
of	 human	 class	 1	P4	ATPase	 interactions	with	CDC50A	and	CDC50B	 and	 the	 functional	
consequences	 of	 these	 interactions	 on	protein	 abundance	 and	 localization	of	 both	protein	
classes	in	U2OS	cells.	To	our	surprise,	CDC50A	was	a	functional	interaction	partner	for	all	
P4	ATPases	under	investigation,	except	for	ATP8B3	(Chapter	4).	This	indicates	that	CDC50A	
may	perform	a	broader	function	in	human	physiology	than	thus	far	assumed.	The	ATP8A1-
CDC50A	complex	localizes	primarily	at	the	Golgi.	The	distinct	localization	of	ATP8B1	and	
ATP8A1	provides	sufficient	reason	why	ATP8A1	protein	function	is	probably	not	redundant	
with	ATP8B1.	Importantly,	besides	ATP8B1	also	ATP8B2	and	ATP8B4	resided	at	the	plasma	
membrane	 in	 the	presence	of	CDC50A.	A	first	explanation	why	ATP8B2	and	ATP8B4	do	
not	share	redundant	functions	with	ATP8B1	is	that	ATP8B2	and	ATP8B4	might	localize	to	
different	plasma	membrane	domains	(e.g.	basolateral	versus	apical).	A	second	explanation	
could	be	 that	ATP8B2	and	ATP8B4	are	not	expressed	 in	 the	same	tissues	or	cell	 types	as	
ATP8B1.	 Indeed,	ATP8B2	and	ATP8B4	are	hardly	expressed	 in	Caco-2	cells	 (Chapter	5)	
and	in	intestine	(www.ncbi.nlm.nih.gov/UniGene).	Thirdly,	ATP8B1,	ATP8B2	and	ATP8B4	
might	have	different	substrate	preferences	as	 recently	demonstrated	for	 the	A. thaliana P4 
ATPases ALA2 and ALA3 (18).

2.3. FXR activation is not impaired
Chen	and	Alvarez	proposed	a	model	in	which	ATP8B1	is	important	for	the	activation	of	FXR	
by	stimulating	FXR	translocation	 to	 the	nucleus	via	protein	kinase	C-ζ	 (PKCζ)	signalling	
(19,	 20)	 (and	 Chapter	 1,	 section	 3.3.2).	 The	 hypothesized	 disturbance	 of	 the	 asymmetry	
of	 the	 canalicular	 membrane	 secondary	 to	ATP8B1	 deficiency	 would	 lead	 to	 inefficient	
nuclear	 translocation	of	FXR,	resulting	in	dysfunction	of	FXR,	and	decreased	FXR-target	
gene	expression	eventually	leading	to	cholestasis.	However,	some	of	the	data	on	which	this	
hypothesis is based are controversial and have been contradicted by us and others (Chapter 
6	and	(21-23)).	Firstly,	FXR	target	gene	expression	and	signalling	was	intact	 in	 intestines	
of	 Atp8b1G308V/G308V mutant mice (23) and ATP8B1-depleted Caco2 cells (Chapter 6 and 
(21)).	 Second,	 endogenous	 FXR	 is	 predominantly	 expressed	 in	 the	 nucleus	 of	ATP8B1-
depleted cells and control cells (Chapter 6), in apparent contrast to the model proposed by 
Chen et al	(20)	.Thirdly,	it	should	be	noted	that	expression	of	FXR	and	FXR	target	genes	
was	also	decreased	in	liver	biopsies	of	PFIC2	patients	and	in	a	patient	with	biliary	atresia	
(22),	suggesting	that	FXR	downregulation	is	secondary	to	cholestasis.	Taken	together,	these	
independent	 approaches	provide	 compelling	 evidence	 that	 impaired	FXR	 signaling	 is	 not	
primarily	responsible	for	the	pathology	of	ATP8B1	deficiency.

2.4. Loss of microvilli
The	most	pronounced	cellular	 consequence	of	 reduced	ATP8B1	protein	expression	 in	 the	
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Figure 1. Schematic overview of the cellular consequences of ATP8B1 deficiency.
A	polarized	cell	with	sufficient	ATP8B1	functions	normally	(upper)	and	a	polarized	cell	with	ATP8B1	deficiency	(lower).	Processes	
addressed	in	this	thesis	that	are	related	to	ATP8B1	deficiency	are	indicated	by	numbers	in	the	ATP8B1	deficient	cell.	(1)	ATP8B1	
missense	mutations	may	 lead	 to	misfolding	and	ER	retention,	diminishing	 the	amount	of	ATP8B1	at	 the	plasma	membrane.	 (2)	
ATP8B2	and	ATP8B4	associate	with	CDC50A	and	are	targeted	to	the	plama	membrane.	Still,	ATP8B1	deficiency	is	not	compensated	
for	by	these	closely	related	P4	ATPases,	which	can	potentially	be	explained	by	different	tissue	distribution	or	substrate	specificity	of	
ATP8B2 and ATP8B4. Alternatively these P4	ATPases	may	be	targeted	to	the	basolateral	instead	of	the	apical	plasma	membrane.	(3)	
FXR	activation	is	not	impaired.	(4)	Microvilli	are	lost.	(5)	Expression	of	(apical)	plasma	membrane	proteins	is	decreased.	(6)	Despite	
the	postulated	flippase	 function	of	ATP8B1,	 cellular	PS	 translocation	 is	not	 altered	 in	ATP8B1	depleted	cells,	 raising	questions	
whether	ATP8B1	deficiency	is	linked	to	alterations	in	aminophospholipid	translocase	activity?
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apical	plasma	membrane	domain	of	a	polarized	cell	is	the	loss	of	microvilli(-like)	structures	
(Figure	 1)	 (Chapter	 5).	 This	 has	 now	 been	 described	 for	ATP8B1	 deficient	 hepatocytes,	
enterocytes and cochlear hair cells in vitro and in vivo (11, 15, 21, 24, 25)(Chapter 5). Loss 
of	microvilli	in	these	cell	types	is	strongly	implicated	in	impaired	intestinal	absorption	(26)	
cholestasis	(21,	27)	and	hearing	loss	(11).	Several	explanations	for	the	loss	of	microvilli	can	
be	postulated.	One	is	that	ATP8B1	is	involved	in	regulating	the	cholesterol	content	of	the	
apical	plasma	membrane	of	hepatocytes	(28,	29).	 Impaired	ATP8B1	activity	might	render	
the	canalicular	membrane	more	sensitive	to	extraction	of	cholesterol	by	bile	salts.	Of	note,	
it	 has	 been	 shown	 in vitro	 that	microvilli	 are	 absent	 in	 enterocytes	which	 are	 cholesterol	
depleted	using	methyl-beta-cyclodextrin	(30),	similar	to	ATP8B1	depleted	cells	(Chapter	5).	
Alternatively,	we	propose	a	pump-independent	function	for	ATP8B1	(Chapter	5	and	section	
2.6),	responsible	for	the	loss	of	microvilli.

2.5. Decreased expression of (apical) plasma membrane proteins
Another	cellular	consequence	of	ATP8B1	deficiency	is	the	generally	reduced	expression	of	
proteins	that	reside	in	the	(apical)	plasma	membrane	of	polarized	cells	(Chapter	5	and	6)(Figure	
1).	Aberrant	function	of	yeast	P4	ATPases	results	primarily	in	vesicular	trafficking	defects	and	
missorting	of	proteins	(Chapter	2).	However,	in	our	human	cell	model,	ATP8B1	depletion	
led	to	markedly	reduced	expression	of	apically	localized	proteins	(ASBT,	aminopeptidase	N	
and	intestinal	alkaline	phosphatase),	without	any	indications	of	intracellular	mislocalization.	
Expression	of	basolateral	proteins	(E-cadherin	and	OSTαβ)	was	unaffected	(Chapter	5	and	
6). This phenomenon could in vivo lead	to	impaired	absorption	in	enterocytes	and	affect	bile	
flow	due	to	impaired	hepatocyte	secretion.
This	 reduced	expression	 could	be	due	 to	 ribosome	biogenesis	defects.	Such	defects	were	
also	described	in	yeast	defective	for	specific	P4 ATPases (discussed in Chapter 2). Although a 
similar	defect	in	human	cells	would	explain	impaired	translation,	the	specificity	for	apically	
localized	 proteins	 remains	 unresolved.	 It	 is	 well	 known	 that	 mRNAs	 encoding	 apically	
localized	proteins	are	themselves	targeted	to	the	apical	compartment	of	the	cell.	Translation	
is	delayed	until	these	mRNAs	reach	their	apical	destination	(31).	ATP8B1	depletion	might	
specifically	 inhibit	 translation	 of	 mRNAs	 that	 encode	 apical	 proteins	 via	 an	 unknown	
mechanism.

2.6. Impaired aminophospholipid translocase activity?
What	is	the	biochemical	function	of	ATP8B1	that	explains	the	severe	cellular	consequences	
after	 its	 depletion?	 It	 is	 generally	 assumed	 that	ATP8B1	 is	 a	 putative	 aminophospholipid	
translocase.	This	 is	based	on	 three	 lines	of	evidence.	Firstly,	ATP8B1	 is	a	P4 ATPase and 
its orthologs in yeast, C. elegans and A. thalania display aminophospholipid translocase 
translocase	activity	(Chapter	2	and	(32-34)).	Secondly,	recovery	of	the	aminophospholipid	
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PS	in	bile	is	enhanced	in	a	mouse	model	for	ATP8B1	deficiency	and	in	ATP8B1	deficient	
patients	(29,	35).	Thirdly,	expression	of	ATP8B1	together	with	CDC50A	resulted	in	increased	
PS	translocation	in	a	cell	model	with	low	endogenous	aminophospholipid	translocase	activity	
(36).	However,	we	were	unable	 to	detect	a	difference	 in	phospholipid	 translocation	at	 the	
apical	plasma	membrane	of	ATP8B1	depleted	Caco-2	cells	(Chapter	4).	We	cannot	exclude	
that a small, undetectable, reduction in the PS translocation kinetics could accumulate in 
severe	morphological	changes	or	 that	ATP8B1	could	be	a	flippase	 for	a	 substrate	distinct	
from	PS.	In	fact,	it	has	been	described	that	different	P4 ATPases can have distinct substrate 
preferences	(18,	37).	
To	explain	the	severely	affected	organizational	structure	of	the	apical	plasma	membrane	we	
propose	 a	 pump-independent	 function	 for	ATP8B1.	 Pump-independent	 functions	 are	 also	
proposed	for	other	P-type	ATPases,	an	example	is	the	non-catalytic	activity	of	Na+/K+-ATPase 
which	is	necessary	for	epithelial	junction	formation	(38,	39).	Liang	et al demonstrated that 
over	half	of	the	plasma	membrane	Na+/K+-ATPase	is	performing	cellular	functions	other	than	
ion	pumping.	Graded	knock-down	of	the	alpha1	subunit	of	 the	Na+/K+-ATPase eventually 
resulted	 in	 loss	 of	 this	 “non-pumping”	 pool	 while	 preserving	 the	 pumping	 pool	 (38).	A	
similar	mechanism	might	underlie	the	effect	seen	upon	knock	down	of	ATP8B1	in	Caco-2	
cells.	Following	this	hypothesis,	depletion	of	the	non-pumping	pool	might	then	explain	the	
loss	 of	microvilli	while	 PS	 translocation	 is	maintained.	However,	 how	 this	 non-pumping	
pool	of	ATP8B1	controls	microvilli	integrity	is	not	understood.	Possibly,	the	PS	translocase-
independent	 role	of	ATP8B1	may	 regulate	proteins	 that	 control	microvilli	 structure.	Such	
proteins	could	 include	Rab8	and	Myosin	Vb	which	are	 implicated	 in	microvilli	 structural	
defects	(26,	40).
 
The	six	aspects	of	the	cellular	consequences	of	ATP8B1	deficiency	described	in	paragraph	
2.1 to 2.6 are summarized in Figure 1.

3. Novel insights in “the why” of ATP8B1 deficiency

Previously,	attempts	to	explain	the	etiology	of	ATP8B1	deficiency	were	from	a	biochemical	
perspective,	 mainly	 focussing	 on	 the	 postulated	 function	 as	 an	 aminophospholipid	
translocase.	In	this	thesis,	we	study	ATP8B1	deficiency	from	a	cellular	perspective,	focussing	
on	the	consequences	on	cellular	morphology	and	transport.	Here,	we	discuss	“why”	ATP8B1	
deficiency	results	in	cholestasis	and	a	variety	of	extrahepatic	symptoms.	
ATP8B1	deficiency	 is	an	autosomal	 recessive	 inherited	disease	and	 to	date,	more	 than	50	
disease	causing	mutations	have	been	identified	in	the	ATP8B1	gene.	While	it	may	be	easy	to	
understand	why	splice	site	mutations,	early	stop	codon	mutations	and	frame	shift	mutations	
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result	in	a	non-functional	protein,	this	effect	is	less	obvious	for	missense	mutations.	In	Chapter	
3,	we	demonstrate	that	the	majority	of	the	ATP8B1	mutations	analyzed	result	in	a	misfolded	
protein	 as	 evidenced	by	 reduced	protein	 expression	 levels	 and	 localization	of	 the	 protein	
in	 the	ER.	 It	 is	generally	 thought	 that	ATP8B1	needs	 to	be	present	at	 the	 (apical)	plasma	
membrane	to	execute	its	function	(Chapter	5	and	(13,	14)).	We	showed	that	4-phenylbutyrate	
in vitro enhances	plasma	membrane	expression	of	mutated	ATP8B1	proteins.	Treatment	of	
ATP8B1	deficient	patients,	carrying	mutations	that	result	 in	ATP8B1	folding	defects,	with	
4-phenylbutyrate	 to	 directly	 improve	 the	 function	 of	 the	 affected	 protein	 at	 the	 plasma	
membrane	may	therefore	be	a	pharmacological	treatment	option	for	the	future.
ATP8B1	deficiency	phenotypically	presents	with	BRIC1	and	PFIC1	as	the	ends	of	a	clinical	
continuum.	At	this	stage	it	is	unknown	what	triggers	the	onset	and	determines	the	duration	of	a	
cholestatic	episode	in	BRIC1	patients.	Anecdotically	infection	and fever	have been described 
to precede a cholestatic episode (3, 12, 41, 42). ATP8B1 p.I661T	is	most	frequently	detected	
mutation	in	BRIC1	patients	and	results	 in	poor	plasma	membrane	expression	of	ATP8B1.	
Strikingly,	 culturing	 cells	 at	 40ºC	 resulted	 in	 a	 further	 reduction	 of	 plasma	 membrane	
localization	of	ATP8B1	p.I661T.	This	suggests	that	periods	of	fever	may result in decreased 
ATP8B1	protein	function	at	 the	plasma	membrane	below	the	symptom	free	 threshold	and	
eventually results in a cholestatic episode. In addition, BRIC1	 patients	 could	 be	 more	
sensitive to mild alterations in bile salt balance normally harmless to healthy individuals, e.g. 
due	to	inflammation.	FXR	is	the	key	regulator	of	bile	salt	homeostasis	(Chapter	1).	Recently,	
it	has	been	shown	that	activation	of	the	nuclear	factor	κB	(NF-κB)	signaling	pathway,	a	key	
regulator	 of	 inflammation,	 represses	 the	 Farnesoid	X	Receptor	 (FXR)	 signaling	 pathway	
(43). Infections	and	inflammation	may	therefore	result	in	inhibited	FXR	activity in the liver 
leading	 to	 a	 cholestatic	 attack	 in	 BRIC1	 patients.	 Since	 fever	 and	 infection	 often	 occur 
simultaneously,	these	two	hypotheses	on	initiation	of	a	cholestatic	episode	in	BRIC1	patients	
are probably not	mutually	exclusive	and	even	may	enhance	each	other.

As	described	 in	 this	 thesis,	we	have	gained	more	 insights	 in	 the	cellular	consequences	of	
ATP8B1	 deficiency	 in	 a	model	 for	 human	 enterocytes.	 The	 prominent	 cellular	 defect	 of	
ATP8B1	depletion	is	loss	of	microvilli	and	the	reduction	of	expression	of	apically	localized	
plasma	membrane	proteins.	This	may	partially	 clarify	 the	etiology	of	diarrhea	 in	patients	
with	ATP8B1	deficiency.	Importantly,	similar	cellular	defects	are	described	in	other	ATP8B1-
expressing	 cells,	 hepatocytes	 and	 cochlear	 cells.	 Collectively,	 these	 data	 suggest	 that	 the	
cellular	 defects	 of	ATP8B1	 deficiency	 described	 in	 this	 thesis	 are	 broadly	 present	 in	 all	
epithelial	cells	that	normally	express	ATP8B1.	These	cellular	defects	provide	a	rationale	why	
ATP8B1	deficiency	results	in	cholestasis	and	a	variety	of	extrahepatic	symptoms.

	Here	we	have	discussed	“the	who,	the	what	and	the	why”	of	ATP8B1	deficiency.	The	question	
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that	remains	is	“the	how”	of	ATP8B1	deficiency;	“how	do	defects	in	the	biochemical	function	
of	ATP8B1	mechanistically	result	 in	 loss	of	microvilli	and	reduced	expression	of	apically	
localized	plasma	membrane	proteins?”	This	question	should	be	the	object	of	future	studies	
concerning	ATP8B1	deficiency.
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	 Bile	 salts	 have	 critical	 functions	 in	 the	 liver	 and	 small	 intestine.	Their	 synthesis	
in	 hepatocytes	 provides	 a	metabolic	 pathway	 for	 the	 catabolism	 of	 cholesterol	 and	 their	
detergent	properties	promote	the	solubilisation	of	essential	nutrients	and	vitamins	in	the	small	
intestine.	Active	bile	 salt	 secretion	 is	 the	driving	 force	 for	 the	 formation	and	flow	of	bile	
and	is	accompanied	by	secretion	of	balanced	proportions	of	cholesterol	and	phospholipids.	
Due	to	their	amphipathic	nature,	bile	salts	are	inherently	cytotoxic.	A	failure	in	the	secretion	
of	bile	components	from	hepatocytes	into	bile	results	in	impaired	bile	flow	or	intrahepatic	
cholestasis. Intrahepatic cholestasis can either be acquired or have genetic causes. 

Chapter 1	 describes	 a	historical	overview	on	 the	discovery	of	genetic	 causes	of	
familial	 intrahepatic	 cholestasis	 as	 a	 consequence	 of	mutations	 in	 genes	 involved	 in	 bile	
formation	at	the	hepatocyte	canalicular	membrane.	In	particular,	we	focus	on	“the who”	of	
this thesis; ATP8B1. Mutations in the ATP8B1	gene	cause	a	spectrum	of	familial	intrahepatic	
cholestasis	syndromes	which	we	collectively	refer	to	as	ATP8B1	deficiency.	The	two	ends	of	
this	clinical	continuum	of	ATP8B1	deficiency	manifest	as	progressive	intrahepatic	cholestasis	
type	1	(PFIC1)	and	benign	recurrent	intrahepatic	cholestasis	type	1	(BRIC1).	Cholestasis	in	
PFIC1	patients	manifests	usually	in	the	first	year	of	life	and	its	chronic	course	causes	liver	
damage,	warranting	a	liver	transplantation	in	the	first	decade	of	life.	BRIC1	patients	experience	
episodes	of	cholestasis	which	do	not	result	in	permanent	liver	damage.	Cholestasis	in	ATP8B1	
deficient	patients	is	most	often	accompanied	by	severe	pruritus	(itch),	which	severely	affects	
the	 quality	 of	 life	 of	 these	 patients.	 Patients	 with	ATP8B1	 deficiency	 may	 present	 with	
extrahepatic	symptoms,	such	as	diarrhea,	pancreatitis	and	hearing	loss.	ATP8B1	is	amongst	
others	also	expressed	in	intestine,	pancreas	and	cochlear	hair	cells.	Aberrant	ATP8B1	protein	
function	in	these	tissues	probably	accounts	for	the	observed	extrahepatic	symptoms.	After	
more	than	a	decade	following	the	initial	discovery	that	mutations	in	ATP8B1 are causative 
for	ATP8B1	deficiency	syndromes,	we	still	do	not	fully	understand	how	mutations	in	ATP8B1 
mechanistically result in intrahepatic cholestasis. 
	 ATP8B1	belongs	to	the	family	of	P4 P-type ATPases (P4	ATPases),	which	are	(amino-)	
phospholipid	 translocators.	 The	 cellular	 functions	 of	 P4 ATPases in various eukaryotic 
(model) organisms are described in Chapter 2. These P4	ATPase-specific	functions,	together	
with	the	expression	of	ATP8B1	in	tissues	unrelated	to	bile	flow,	suggest	that	ATP8B1	plays	a	
general role in cell physiology. 
	 In	this	thesis,	I	described	the	consequences	of	ATP8B1	deficiency	at	cellular	level.	
In Chapter 3 and Chapter 4	we	first	studied	“the why”	of	ATP8B1	deficiency.	In	Chapter 3 
we	addressed	the	question	why	different	mutations	cause	ATP8B1	deficiency	at	the	molecular	
level.	We	systematically	characterized	the	molecular	consequences	of	six	distinct	ATP8B1 
missense	mutations	(p.L127P,	p.G308V,	p.D454G,	p.D554N,	p.I661T,	and	p.G1040R)	and	
one	 nonsense	mutation	 (p.R1164X)	 associated	with	PFIC1	 and/or	BRIC1.	Except	 for	 the	
p.L127P	mutation,	all	mutations	resulted	in	markedly	reduced	ATP8B1	protein	expression,	
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whereas	messenger	RNA	expression	was	 unaffected.	 Five	 of	 seven	mutations	 resulted	 in	
(partial)	 retention	 of	ATP8B1	 in	 the	 endoplasmic	 reticulum.	 Reduced	 protein	 expression	
was	 partially	 restored	 by	 culturing	 the	 cells	 at	 30°C	 and	 by	 treatment	 with	 proteasomal	
inhibitors,	indicating	protein	misfolding	and	subsequent	proteosomal	degradation.	Treatment	
with	4-phenylbutyrate,	a	clinically	approved	pharmacological	chaperone,	partially	restored	
defects	in	expression	and	localization	of	ATP8B1	substitutions	G308V,	D454G,	D554N,	and	
in	particular	I661T,	which	is	the	most	frequently	identified	mutation	in	BRIC1.	We	propose	
that	 treatment	 with	 pharmacological	 chaperones	 may	 represent	 an	 effective	 therapeutic	
strategy	 to	 ameliorate	 the	 recurrent	 attacks	 of	 cholestasis	 in	 patients	 with	 intermittent	
(BRIC1)	disease.
In	humans,	fourteen	P4	ATPases	are	identified	and	in	Chapter 4	we	studied	why	ATP8B1	
protein	function	is	unique	in	this	family	of	human	P4	ATPases.	It	was	previously	shown,	in	
different	species	ranging	from	yeast	to	plants	and	mammals,	that	P4 ATPases need to associate 
with	a	member	of	the	CDC50	protein	family	for	functional	expression.	To	determine	why	
other human P4	ATPases	 can	 not	 substitute	 for	ATP8B1	 protein	 function,	we	 studied	 the	
interaction	of	ATP8B1	and	the	closest	homologues	of	ATP8B1,	the	class	1	P4	ATPases,	with	
CDC50	proteins	 and	we	determined	 the	 functional	 consequences	 of	 these	 interactions	on	
protein	 expression	 level	 and	cellular	 localization	of	both	protein	 classes.	We	demonstrate	
here	that	human	CDC50	proteins	are	essential	for	ER	exit	of	most	class	1	P4 ATPases and 
P4	ATPases	are	equally	 important	 for	ER	exit	of	CDC50	proteins.	Our	data	 indicates	 that	
subcellular	localization	of	the	complex	is	determined	by	the	P4 ATPase, and that ATP8B1, 
ATP8B2	and	ATP8B4	are	 likely	 to	 operate	 at	 the	 plasma	membrane,	 except	 for	ATP8A1	
(Golgi)	and	ATP8B3	(ER	or	unknown).	At	least	in	intestinal	cells	ATP8B2	and	ATP8B4	are	
hardly	expressed,	providing	a	potential	explanation	 for	 the	essential	 function	of	ATP8B1.	
Furthermore	in	polarized	cell	types	ATP8B2	and	ATP8B4	may	have	an	different	subcellular	
localization	compared	to	ATP8B1.	Finally,	the	interactions	of	CDC50A	and	CDC50B	with	
multiple	members	 of	 the	 human	P4	ATPase	 family	 suggest	 that	CDC50	 proteins	 perform	
broader	functions	in	human	physiology	than	thus	far	assumed.

In Chapter 5 and 6	we	focus	on	“the what”	of	ATP8B1	deficiency;	what	are	the	
cellular	 consequences	 if	we	 deprive	 a	 cell	 from	ATP8B1	 protein?	 Patients	with	ATP8B1	
deficiency	present	with	intrahepatic	cholestasis	as	primary	complication,	however,	the	most	
frequently	reported	extrahepatic	symptom	is	intractable	diarrhea.	ATP8B1	protein	expression	
in	 the	 intestine	 is	much	more	 pronounced	 than	 in	 liver.	We	 therefore	 aimed	 to	 study	 the	
consequences	of	ATP8B1	deficiency	in	enterocytes	in vitro.	For	this	purpose,	we	constructed		
a	loss	of	function	model	in	polarized	Caco-2	cells,	which	resemble	the	intestinal	epithelium.	

In Chapter 5	we	analyzed	 the	effect	of	ATP8B1	knock	down	in	Caco-2	cells	on	
domain-specific	 aminophospholipid translocase activity and investigated the polarized 
structural	integrity	of	these	cells.	ATP8B1	was	abundantly	expressed	in	the	apical	membrane	
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of	 Caco-2	 cells	 and	 its	 expression	 was	 markedly	 induced	 during	 differentiation	 and	
polarization.	 Blocking	ATP8B1	 expression	 by	 RNAi	 affected	 neither	 aminophospholipid	
transport,	nor	the	asymmetric	distribution	of	aminophospholipids	across	the	apical	bilayer.	
Nonetheless,	 ATP8B1-depleted	 Caco-2	 cells	 displayed	 profound	 perturbations	 in	 apical	
membrane organization, including a disorganized apical actin cytoskeleton, shortening 
and		loss	of		microvilli,	and	a	post-transcriptional	defect	in	apical	protein	expression.	These	
findings	point	to	a	critical	role	of	ATP8B1	in	apical	membrane	organization	that	is	unrelated	
to its presumed aminophospholipid translocase activity.

It	is	thought	that	the	intractable	diarrhea	seen	in	patients	with	ATP8B1	deficiency	
could	be	a	consequence	of	bile	salt	malabsortion	in	the	intestine.	In	Chapter 6,	we	therefore	
assessed	 bile	 salt	 uptake	 in	 our	 Caco-2	ATP8B1	 knock	 down	 cell	 lines,	 and	 addressed	
whether	 this	 is	due	 to	mislocalization	of	bile	salt	 transporters	or	 reduced	FXR	signalling.	
In	 addition,	 we	 investigated	 the	 consequences	 of	ATP8B1	 deficiency	 in	 more	 detail	 by	
microarray	transcriptome	analyses	of	ATP8B1-depleted	Caco-2	cell	lines	and	controls.	The 
stably	 integrated	 shRNA	 constructs	 resulted	 in	 reduced	ATP8B1	 protein	 expression	 and	
significant	reduction	in	taurocholate	uptake	across	the	apical	membrane.	mRNA	expression	
and	localization	of	the	basolateral	bile	salt	export	proteins	OSTα/β	was	comparable	to	empty	
vector	transfected	cell	lines.	However,	expression	of	the	apical	bile	salt	importer	protein	ASBT	
was	profoundly	disturbed.	cDNA	microarray	analysis	and	qRT-PCR	experiments	indicated	
normal	 expression	 of	 FXR	and	FXR	 target	 genes,	 consistent	with	 nuclear	 localization	 of	
FXR	in	all	ATP8B1	knock	down	clones.	Gene	ontology	analysis	of	cDNA	microarray	data	
revealed	a	marked	enrichment	of	genes	encoding	plasma	membrane	proteins	in	a	list	of	244	
genes	differentially	expressed	in	all	ATP8B1-depleted	Caco-2	cell	clones. Bile salt import 
in	ATP8B1-depleted	 Caco-2	 cells	 is	 severely	 compromised	 due	 to	 decreased	 expression	
of	ASBT	at	 the	apical	plasma	membrane,	but	unrelated	 to	decreased	FXR	expression	and	
function.	

Finally, in Chapter 7 the research presented in this thesis is discussed and integrated 
into	a	model	describing	our	current	knowledge	on	the	cellular	function	of	ATP8B1.	

This	 thesis	 describes	 the	 novel	 insights	 in	 the	 cellular	 consequences	 of	ATP8B1	
deficiency	in	a	model	for	human	enterocytes.	The	most	prominent	cellular	defect	of	ATP8B1	
depletion	is	loss	of	microvilli	and	the	reduction	of	expression	of	apically	localized	plasma	
membrane	 proteins.	 This	 may	 clarify	 the	 etiology	 of	 diarrhea	 in	 patients	 with	ATP8B1	
deficiency.	Importantly,	shortening	and	loss	of	microvilli	are	also	described	in	other	ATP8B1-
expressing	cells,	such	as	hepatocytes	and	cochlear	hair	cells,	with	aberrant	ATP8B1	protein	
function.	 Collectively,	 these	 data	 suggest	 that	 the	 cellular	 defects	 of	ATP8B1	 deficiency	
described	in	this	thesis	are	broadly	present	in	all	epithelial	cells	that	normally	express	ATP8B1.	
These	cellular	defects	provide	a	rationale	why	ATP8B1	deficiency	results	in	cholestasis	and	
a	variety	of	extrahepatic	symptoms.
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Galzouten	spelen	een	belangrijke	fysiologische	rol	in	de	lever	en	de	darm.	In	de	lever	worden	
galzouten gesynthetiseerd uit cholesterol. Galzouten behoren tot de detergentia (zeepachtige 
stoffen)	 en	 bevorderen	 door	 hun	 oppervlaktespanningverlagende	werking	 de	 opname	 van	
vetten en vet-oplosbare vitaminen in de dunne darm. Door deze eigenschap zijn galzouten 
echter	inherent	cytotoxisch.	De	levercellen	(hepatocyten)	scheiden	de	galzouten	samen	met	
cholesterol	en	fosfolipiden	uit	naar	de	galgangen	in	de	lever,	die	gezamenlijk	uitmonden	in	
de	galblaas.	Een	verminderde	galafvloed	leidt	tot	ophoping	van	galzouten,	cholestase,	in	de	
lever.	Cholestase	kan	een	genetische	oorzaak	hebben	of	kan	ontstaan	door	leefgewoonten.	
 In hoofdstuk 1	 van	dit	proefschrift	worden	drie	 erfelijke	vormen	van	cholestase	
beschreven.	Deze	vormen	zijn	het	gevolg	van	mutaties	in	genen	die	coderen	voor	eiwitten	
die	belangrijk	zijn	in	het	transport	van	galcomponenten	naar	de	galkanalen.	Met	name	wordt	
aandacht besteed aan ATP8B1,	de	“hoofdrolspeler”	in	dit	proefschrift.	Mutaties	in	het	ATP8B1 
gen	liggen	ten	grondslag	aan	een	spectrum	van	erfelijke	cholestase	syndromen,	die	tezamen	
“ATP8B1	 deficiëntie”	 worden	 genoemd.	 De	 twee	 uitersten	 van	 het	 ATP8B1	 deficiëntie	
spectrum	zijn	patiënten	met	benigne	recurrente	 intrahepatische	cholestase	 type	1	(BRIC1)	
enerzijds	en	patiënten	met	progressieve	familiare	intrahepatische	cholestase	type	1	(PFIC1)	
anderzijds.	In	PFIC1	patiënten	manifesteert	de	cholestase	zich	meestal	in	het	eerste	levensjaar,	
waarna	 deze	 chronisch	 wordt.	 Door	 de	 chronische	 cholestase	 ontstaat	 onomkeerbare	
leverschade,	waardoor	PFIC1	patiënten	vaak	in	de	adolescentie	een	levertransplantatie	nodig	
hebben.	 Daarentegen	 hebben	 BRIC1	 patiënten	 aanvallen	 van	 cholestase	 en	 ontwikkelen	
zij	geen	leverschade.	Tussen	de	aanvallen	van	cholestase	door	is	de	BRIC1	patiënt	geheel	
symptoomvrij.	 Echter,	 cholestase	 in	 zowel	 PFIC1	 als	 BRIC1	 patiënten	 gaat	 gepaard	met	
ondraaglijke	jeuk	over	het	gehele	lichaam	wat	de	kwaliteit	van	leven	ernstig	aantast.	BRIC1-
patiënten	kiezen	om	deze	reden	toch	vaak	voor	een	levertransplantatie.	
	 Naast	de	cholestase	in	de	lever	hebben	sommige	patiënten	met	ATP8B1	deficiëntie	
extrahepatische	 symptomen	 zoals	 diarree,	 pancreatitis	 (ontsteking	 van	 de	 alvleesklier)	 en	
gehoorverlies.	Behalve	in	de	lever	komt		ATP8B1	ook	tot	expressie	in	onder	andere	de	darm,	de	
alvleesklier	en	in	de	haarcellen	in	de	cochlea	(het	slakkenhuis	in	het	oor).	De	extrahepatische	
expressie	van	ATP8B1	verklaart	de	extrahepatische	symptomen	van	patiënten	met	ATP8B1	
deficiëntie.	
	 In	1998	werd	ontdekt	dat	mutaties	in	het	ATP8B1	gen	de	oorzaak	waren	van	een	
familiair	cholestase	syndroom.	Nu,	meer	dan	10	 jaar	 later,	wordt	nog	steeds	niet	 in	detail	
begrepen	 hoe	 een	 niet	 functionerend	 ATP8B1	 cholestase	 veroorzaakt.	 ATP8B1	 behoort	
tot	 de	 familie	 van	 P4 P-type ATPasen (P4 ATPasen). Biologische (cel)membranen zijn 
lipidedubbellagen en P4	ATPasen	transporteren	(amino-)fosfolipiden	in	de	lipidedubbellaag	
van buiten naar binnen. In hoofdstuk 2	worden	de	 cellulaire	 functies	 van	P4 ATPasen in 
verschillende	 (model)organismen	 beschreven.	 Deze	 cellulaire	 functies	 van	 P4 ATPasen, 
samen	met	het	feit	dat	ATP8B1	ook	een	belangrijke	rol	speelt	in	andere	organen	dan	de	lever,	
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suggereren	dat	ATP8B1	een	algemene	rol	speelt	in	de	celfysiologie.	
	 Dit	proefschrift	beschrijft	wat	de	gevolgen	zijn	van	ATP8B1	deficiëntie	op	cellulair	
niveau. Hoofdstuk 3	 bestudeert	 waarom	 verschillende	 mutaties	 in	 ATP8B1	 leiden	 tot	
ATP8B1	deficiëntie.	De	moleculaire	consequenties	van	zeven	verschillende	ATP8B1-mutaties 
(p.L127P,	p.G308V,	p.D454G,	D554N,	p.I661T,	p.G1040R	en	p.R1164X)	zijn	systematisch  
geanalyseerd.	Deze	mutaties	 komen	voor	 bij	BRIC1	patiënten	 (p.D454G	en	 p.R1164X) , 
PFIC1	patiënten	(p.L127P,	p.G308V,	p.D554N	en	p.G1040R)	of	bij	allebei	de	patiëntgroepen	
(p.I661T). Alle onderzochte mutaties resulteerden in een verlaagd niveau van ATP8B1 
expressie,	behalve	p.L127P,	terwijl	er	geen	expressieverschillen	werden	gevonden	op	mRNA	
niveau.	Vijf	van	de	zeven	mutaties	resulteerden	in	(gedeeltelijke)	retentie	van	ATP8B1	in	het	
endoplasmatisch	 reticulum	 (ER).	Verlaging	 van	 het	 eiwitexpressieniveau	 kon	 gedeeltelijk	
worden	voorkomen	door	de	cellen	bij	30ºC	te	kweken	of	door	proteosomale	remmers	toe	te	
voegen.	Tezamen	wijzen	deze	resultaten	op	een	defect	van	de	eiwitvouwing	bij	deze	mutanten.	
Eiwitvouwing	kan	verbeterd	worden	door	het	 toedienen	van	 farmacologische	chaperones.	
4-Fenylbutyraat	is	zo’n	farmacologische	chaperone.	Toevoeging	van	deze	stof	aan	ATP8B1	
mutanten,	 p.G308V,	 	 pD454G,	 p.D554N	 en	 p.I661T,	 verhoogde	 het	 eiwitexpressieniveau	
en	 bevorderde	 de	 aanwezigheid	 van	 het	 eiwit	 op	 het	 plasmamembraan.	 Toevoegen	 van	
4-fenylbutyraat	had	het	meeste	effect	op	de	p.I661T	mutatie,	wat	ook	de	meest	gerapporteerde	
mutatie	 is	 in	 de	BRIC1	 patiëntenpopulatie.	 In	 de	 toekomst	 zou	 daarom	 behandeling	met	
4-fenylbutyraat	een	effectieve	behandeling	kunnen	zijn	voor	BRIC1	patiënten.	
	 Eerder	 onderzoek	 in	 verschillende	 organismen,	 variërend	 van	 gist	 tot	 plant	 en	
zoogdieren,	heeft	uitgewezen	dat	P4	ATPase	eiwitten	associëren	met	leden	van	de	CDC50	
eiwitfamilie	en	dat	deze	associatie	essentieel	is	om	hun	functie	uit	te	kunnen	oefenen.	Bij	de	
mens komen 14 verschillende leden van de P4	ATPase-familie	tot	expressie.	In	hoofdstuk 
4	wordt	 onderzocht	waarom	deze	 familieleden	de	 functie	 van	ATP8B1	niet	 (gedeeltelijk)		
kunnen overnemen. Daarom zijn de interacties van ATP8B1 en van de meest gelijkende 
(homologe)	 familieleden,	 de	 klasse	 1	 P4	 ATPasen,	 met	 CDC50	 eiwitten	 bestudeerd.	
Daarbij	zijn	deze	interacties	functioneel	geanalyseerd	op	eiwitexpressieniveau	en	cellulaire	
lokalisatie	van	beide	klassen	van	eiwitten	(P4	ATPasen	en	CDC50	eiwitten).	CDC50	eiwitten	
bleken essentieel voor P4	ATPasen	om	het	ER	te	kunnen	verlaten,	maar	omgekeerd	bleken	
P4	ATPasen	ook	essentieel	voor	ER	exit	van	CDC50	eiwitten.	Deze	data	wijzen	erop	dat	de	
subcellulaire locatie van het P4	ATPase-CDC50	complex	wordt	bepaald	door	de	P4 ATPase. 
ATP8B1,	 ATP8B2	 en	 ATP8B4	 bevinden	 zich	 in	 het	 plasmamembraan	 terwijl	 ATP8A1	
zich	in	het	Golgi-apparaat	bevindt	en	van	ATP8B3	is	nog	onduidelijk	waar	hij	zijn	functie	
uitoefent.	In	darmcellen	zou	het	nauwelijks	 tot	expressie	komen	van	ATP8B2	en	ATP8B4	
kunnen	verklaren	waarom	deze	P4	ATPasen	niet	de	functie	van	een	mutant	ATP8B1	kunnen	
overnemen.	Een	tweede	verklaring	zou	kunnen	zijn	dat	ATP8B2	en	ATP8B4	in	een	polaire	
cel op een andere plaats dan ATP8B1 voorkomen. Daarnaast suggereren de interacties van 
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CDC50A en CDC50B met verscheidene P4	ATPase-familieleden	dat	CDC50	eiwitten	een	
grotere	rol	spelen	in	de	humane	fysiologie	dan	tot	dusver	werd	aangenomen.
 In hoofdstuk 5 en 6	 wordt	 onderzocht	 “wat”	 de	 gevolgen	 zijn	 van	 ATP8B1	
deficiëntie	op	cellulair	niveau.	De	primaire	complicatie	bij	patiënten	met	ATP8B1	deficiëntie	
is	 cholestase	 en	 de	 meest	 gerapporteerde	 secundaire	 complicatie	 in	 deze	 patiëntengroep	
is	diarree.	Omdat	ATP8B1	eiwitexpressie	veel	hoger	is	in	de	darm	dan	in	de	lever	zijn	de	
gevolgen	van	ATP8B1	deficiëntie	op	 cellulair	niveau	 in	darmcellen	 (enterocyten)	 in vitro 
bestudeerd. Dit is gedaan door gebruik te maken van Caco-2 cellen, een modelcellijn voor 
darmepitheel,	waarin	de	functie	van	het	ATP8B1	eiwit	werd	uitgeschakeld	door	middel	van	
RNA	interferentie	technologie.
 Hoofdstuk 5	beschrijft	het	gevolg	van	ATP8B1	deficiëntie	op	de	activiteit	van	het	
domeinspecifieke	 aminofosfolipidetranslocase	 en	 op	 de	 integriteit	 van	 de	 gepolariseerde	
structuur	 van	 Caco-2	 cellen.	 Het	 transport	 van	 aminofosfolipiden	 en	 de	 asymmetrische	
verdeling	 van	 fosfolipiden	 was	 niet	 aangedaan	 in	 de	ATP8B1	 deficiënte	 Caco-2	 cellen.	
Echter,	 de	 structurele	 integriteit	 van	 ATP8B1	 deficiënte	 Caco-2	 cellen	 was	 wel	 ernstig	
aangedaan.	ATP8B1	 deficiënte	 Caco-2	 cellen	 hebben	 onder	 andere	 een	 gedesorganiseerd	
cytoskelet,	 verkorte	 of	 helemaal	 geen	 microvilli	 en	 een	 posttranscriptioneel	 defect	 van	
apicale	eiwitexpressie.	Tezamen	wijzen	deze	resultaten	op	een	belangrijke	rol	van		ATP8B1	
in de structurele organisatie het apicale membraan, die ongerelateerd is aan de vermeende 
translocaseactiviteit.
	 De	diarree	bij	patiënten	met	ATP8B1	deficiëntie	zou	in	theorie	het	gevolg	kunnen	zijn	
van galzoutmalabsorptie in de dunne darm. Daarom is in hoofdstuk 6 onderzocht  hoeveel van 
het	galzout	taurocholaat	wordt	opgenomen	door	ATP8B1	deficiënte	Caco-2	cellen.	ATP8B1	
deficiënte	 Caco-2	 cellen	 nemen	 significant	 minder	 taurocholaat	 op	 dan	 normale	 Caco-2	
cellen en deze verminderde opname is niet het gevolg van verkeerd gelokaliseerde galzout 
transport	 eiwitten	 (OSTα/β	 en	ASBT).	 Echter,	ASBT,	 dat	 gelokaliseerd	 is	 in	 het	 apicale	
membraan,	komt	veel	minder	tot	expressie	in	de	ATP8B1	deficiënte	Caco-2	cellen.	qRT-PCR	
en	microarrayanalyse	wezen	verder	uit	dat	verminderde	ASBT	expressie	niet	het	gevolg	was	
van	verminderde	signalering	van	FXR,	een	receptor	die	galzouthomeostase	reguleert	in	lever	
en	darm.	Expressie	van	FXR	en	FXR	targetgenen	in	ATP8B1	deficiënte	Caco-2	cellen	was	
vergelijkbaar	met	controle	cellen.	Gedetailleerde	analyse	van	de	microarray	data	wees	uit	
dat	genen,	die	coderen	voor	plasmamembraan	(geassocieerde)	eiwitten,	vooral	veranderd	tot	
expressie	komen	in	de	ATP8B1	deficiënte	cellen.	Galzoutimport	in	ATP8B1	deficiënte	Caco-
2	cellen	is	dus	aangedaan,	maar	is	niet	gerelateerd	aan	een	verminderde	expressie	en	functie	
van	FXR.
 In hoofdstuk 7	 wordt	 het	 onderzoek	 uit	 dit	 proefschrift	 bediscussieerd	 en	
geïntegreerd	 in	 een	 model.	 Dit	 model	 beschrijft	 de	 nieuwe	 inzichten,	 opgedaan	 in	 dit	
proefschrift,	in	de	cellulaire	functie	van	ATP8B1.	De	meest	prominente	cellulaire	defecten	
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als	gevolg	van	ATP8B1	deficiëntie	zijn	het	verlies	van	microvilli	op	de	apicale	membraan	
van	 Caco-2	 cellen	 en	 de	 verminderde	 expressie	 van	 apicaal	 gelokaliseerde	 eiwitten.	 Op	
basis	 van	 deze	 resultaten	 zou	 de	 diarree	 in	ATP8B1	 deficiënte	 patiënten	 kunnen	worden	
verklaren.	 Verlies	 van	 microvilli	 op	 het	 apicale	 membraan	 in	 	 ATP8B1	 deficiënte	 (cel)
modellen is ook beschreven voor andere polaire celtypen zoals hepatocyten en cochleaire 
haarcellen.	Tezamen	suggereren	deze	data	dat	de	cellulaire	defecten	als	gevolg	van	ATP8B1	
deficiëntie,	zoals	beschreven	in	dit	proefschrift,	voorkomen	in	alle	gepolariseerde	celtypen	
die	normaal	gesproken	ATP8B1	tot	expressie	zouden	brengen.	Deze	cellulaire	defecten	als	
gevolg	van	ATP8B1	deficiënte	vormen	een	uitgangspunt	om	de	cholestase	en	de	secundaire	
extrahepatische	symptomen	te	kunnen	verklaren.
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ATP8B1 deficiëntie: een zeldzame ziekte.
Het	 onderwerp	 van	mijn	 promotieonderzoek	 is	 een	 erg	 zeldzame	 erfelijke	 ziekte	met	 de	
naam:	ATP8B1	deficiëntie.	 Patiënten	met	 deze	 erfelijke	 afwijking	hebben	vooral	 last	 van	
ophoping	van	galzouten	in	de	lever	waardoor	zij	ziek	worden.	We	begrijpen	nog	niet	goed	
hoe	het	komt	dat	die	galzouten	zich	opstapelen	in	de	lever	en	wat	we	eraan	kunnen	doen.	

Waarom	doen	wij	eigenlijk	onderzoek	naar	een	ziekte	waar	maar	heel	weinig	mensen	mee	
te	maken	hebben?	Naast	het	voor	zichzelf	sprekende	feit	dat	het	voor	deze	relatief	kleine	
patiëntengroep	 prettig	 is	 dat	 er	 energie	wordt	 gestoken	 om	uit	 te	 zoeken	waarom	 zij	 iets	
mankeren,	draagt	zulk	onderzoek	vooral	ook	bij	aan	de	algemene	kennis	over	het	functioneren	
van de lever en het transport van gal.

Galzouten: wat doen ze?
Galzouten	 spelen	een	belangrijke	 rol	 in	het	menselijk	 lichaam	en	we	kunnen	niet	 zonder.	
Galzouten	 hebben	 detergens	 (zeepachtige)	 eigenschappen.	 Je	 zou	 galzouten	 kunnen	
vergelijken	met	afwasmiddel	(is	ook	een	zeep).	Een	vette	pan	waar	je	net	een	lekker	speklapje	
in hebt gebakken,	krijg	 je	nooit	goed	schoon	met	alleen	maar	water.	 Je	hebt	afwasmiddel	
nodig	om	de	achtergebleven	vetten	in	de	pan	op	te	lossen	in	het	water.	Galzouten	hebben	een	
vergelijkbare	functie	in	ons	lichaam;	het	in	oplossing	houden	van	vetten.
Galzouten	worden	gemaakt	in	de	levercellen	en	daarna	tijdelijk	opgeslagen	in	de	galblaas.	
Wanneer	we	eten,	leegt	de	galblaas	zich	bovenin	de	dunne	darm	(net	na	de	maag)	waar	de	
galzouten	en	andere	stoffen	uit	de	gal	zich	vermengen	met	ons	voedsel.	De	galzouten	helpen	
ons	om	essentiële	vetten	en	vet-oplosbare	vitaminen	op	te	nemen	uit	ons	voedsel.	Samen	met	
de	vetten	wordt	het	grootste	gedeelte	van	de	galzouten	in	de	dunne	darm	ook	weer	opgenomen	
in	ons	lichaam.	De	galzouten	worden	daarna	terug	getransporteerd	naar	de	lever	(gerecycled).	
Efficiënt,	 want	 het	 kost	 enorm	 veel	 energie	 om	 steeds	 opnieuw	 galzouten	 te	 maken. 

Galzouten: essentieel maar ook gevaarlijk.
Waarom	doen	we	 zoveel	moeite	 om	vetten	 uit	 ons	 voedsel	 op	 te	 nemen?	Vetten	 zijn	 erg	
belangrijke	 bouwstenen	 in	 ons	 lichaam.	 In	 onze	 lichaamscellen	 vinden	 allerlei	 opbouw-	
en	 afbraakprocessen	plaats	 die	 nodig	 zijn	 voor	 het	 onderhoud	van	die	 cellen	 en	 voor	 het	
onderhoud	van	ons	lichaam.	Zo	zijn	er	vetten	die	de	‘huid’	(muur)	vormen	van	een	cel	en	die	
ervoor zorgen dat de inhoud van al die miljarden cellen in ons lichaam van elkaar gescheiden 
blijft.	En	dat	is	nodig	om	de	cellen	en	het	lichaam	goed	te	laten	functioneren.	Galzouten	zijn	
dus aan de ene kant essentieel om vetten te kunnen opnemen, maar andere kant in (te grote) 
hoeveelheden	ook	erg	gevaarlijk	voor	een	cel,	omdat	een	cel	zelf	ook	uit	vetten	bestaat.	
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DNA: Een bouwtekening
Nu	 terug	 naar	 de	 patiënten	 met	 ATP8B1	 deficiëntie.	 Deze	 patiënten	 hebben	 een	 foutje	
in	hun	DNA,	om	precies	 te	zijn	 in	het	ATP8B1	gen.	Je	zou	de	 informatie	die	opgeslagen	
ligt	 in	 het	 DNA	 kunnen	 vergelijken	 met	 een	 bouwtekening	 (bijvoorbeeld	 voor	 een	
huis,	 maar	 in	 dit	 geval	 dus	 een	 cel).	 Op	 deze	 bouwtekening	 staat	 alle	 informatie	 die	
nodig	 is	 om	 een	 goed	 functionerende	 cel	 te	 kunnen	 bouwen.	 Zoom	 je	 	 iets	 meer	 in	 op	
deze	 bouwtekening	 dan	 kom	 je	 bij	 de	 genen	 terecht.	 Genen	 zijn	 kleinere	 stukjes	 DNA	
die	 coderen	 voor	 bepaalde	 functies	 binnen	 een	 cel.	 Stel	 dat	 je	 geen	 cel	 maar	 een	 huis	
bouwt,	 dan	 zou	 je	 een	gen	kunnen	vergelijken	met	 de	 detailtekening	van	 een	grote	 deur. 

Bij	patiënten	met	ATP8B1	deficiëntie	wordt	op	de	één	of	andere	manier	het	onderdeeltje	
ATP8B1 niet goed in elkaar gezet in de cel. En dat is dan ook precies de onderzoeksvraag 
waarop	ik	antwoord	wilde	geven,	namelijk: 
 
Wat gaat er nu fout in een cel als het ATP8B1 onderdeel uit de bouwtekening niet goed 
in elkaar wordt gezet?
 
Aanvankelijk	dacht	men	dat	ATP8B1	een	galzout-pompje	was.	 Immers,	 de	patiënten	met	
deze	afwijking	hebben	last	van	galzout	dat	zich	steeds	maar	ophoopt.	Echter,	onderzoekers	
uit	andere	laboratoria	hebben	uitgesloten	dat	ATP8B1	een	galzout	pompje	is.	Tegenwoordig	
denken	 de	meeste	 wetenschappers	 dat	ATP8B1	 de	 verdeling	 van	 verschillende	 vetten	 in	
het	celmembraan	(de	muur	van	de	cel)	 regelt.	 (Hoofdstuk	1	en	2	van	dit	proefschrift	zijn	
inleidende	hoofdstukken	waarin	ik	in	meer	detail	beschrijf	wat	er	bekend	is	over	ATP8B1	en	
galzouten)

ATB8B1 foutje: Het ingestorte dak.
In	hoofdstuk	5	en	6	van	dit	proefschrift	beschrijf	 ik	wat	er	 fout	gaat	als	er	geen	ATP8B1	
meer	 in	 een	 cel	 zit.	 We	 hebben	 hier	 gebruik	 gemaakt	 van	 een	 cellen	 die	 we	 in	 het	
laboratorium	 in	 bakjes	 kweken	 (laten	 groeien).	 Sommige	 cellen	 zien	 er	 van	 alle	 kanten	
bekeken	 hetzelfde	 uit	 (een	 rech-toe-recht-aan	 blokkendoos),	 terwijl	 andere	 cellen	
verschillende kanten hebben en meer op een huis lijken met een boven en onderkant. 
Met name in de cellen die op een huis lijken, lijkt ATP8B1 een belangrijke rol te spelen. 
Wanneer	 er	 geen	 functioneel	ATP8B1	 in	 deze	 cellen	 zit, stort het dak namelijk in. We 
weten	nog	niet	goed	waarom	dit	gebeurd,	maar	we	denken	dat	ATP8B1	onderdeel	 is	van	
een	draagmuur	op	de	zolder	van	de	cel	of	de	opbouw	van	de	draagmuur	regelt.	Door	het	
ingestorte	dak	lijken	de	galzoutpompjes	niet	goed	te	werken,	wat	de	ophoping	van	galzouten	
in de lever verklaart.
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In	de	cel	zijn	er	13	andere	bouwstenen	aanwezig	die	erg	op	ATP8B1	lijken.	In	hoofdstuk	
4	 onderzoeken	 we	 waarom	 die	 andere	 bouwstenen	 de	 functie	 van	ATP8B1	 niet	 kunnen	
overnemen.	Hierdoor	krijgen	we	meer	inzicht	in	wat	ATP8B1	nu	uniek	maakt	en	waarom	
ATP8B1	 zo’n	 essentiële	 functie	 heeft.	 Uit	 onze	 resultaten	 blijkt	 dat	 sommige	 van	 de	 13	
familieleden	niet	hun	functie	op	zolder	uitoefenen,	maar	belangrijk	zijn	voor	bijvoorbeeld	de	
stevigheid	van	de	keukenmuur.	Anderen	zitten	wel	in	de	buitenmuren,	maar	we	weten	nog	
niet	zeker	of	ze	ook	op	zolder	een	functie	hebben.

ATP8B1 Renovatieprojecten.
In	hoofdstuk	3	onderzoeken	we	de	verschillende	soorten	fouten	in	de	ATP8B1	bouwtekening.	
Niet	 iedere	patiënt	heeft	namelijk	dezelfde	fout.	Deze	resultaten	wijzen	erop	dat	ATP8B1	
van	bepaalde	groepen	patiënten	niet	in	staat	is	om	de	zolder	te	bereiken,	maar	ergens	op	de	
trap	naar	de	zolder	toe	blijft	steken.	We	hebben	ook	heel	preliminaire	resultaten	dat	we	met	
een	bepaald	stofje	(hopelijk	een	toekomstig	medicijn),	toch	ATP8B1	door	het	trapgat	kunnen	
duwen	de	zolder	op.	Dit	biedt	hoop	voor	toekomstige	nieuwe	behandelingen	voor	patiënten	
met	ATP8B1	deficiëntie.	

Het	onderzoek	in	dit	proefschrift	(samengevat	in	hoofdstuk	7)	beschrijft	dus	de	ontdekking	
dat ATP8B1 een belangrijke structurele rol speelt op de zolder van cellen die vergelijkbaar 
zijn	met	een	huis.	Zonder	ATP8B1	stort	de	zolder	(gedeeltelijk)	in	waardoor	andere	processen	
zoals	onder	andere	galzout	transport	niet	meer	(of	minder)	plaats	vinden.	Daarnaast	hebben	
we	ontdekt	dat	het	ATP8B1	van	sommige	patiënten	de	trap	naar	de	zolder	niet	op	kan,	maar	
dat	we	deze	patiënten	misschien	met	behulp	van	een	medicijn	kunnen	helpen	in	de	toekomst.
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 Beste Lezer,

De	totstandkoming	van	een	proefschrift	is	een	hele	klus!	Weliswaar	een	hele	leuke	klus	die	
me	veel	voldoening	heeft	gegeven.	Als	AIO	start	je	je	loopbaan	per	definitie		–zoals	de	laatste	
twee	letters	ook	aangeven-	‘in	opleiding’.	Ik	wil	hier	dan	ook	de	laatste	(en	waarschijnlijk	de	
meest	gelezen...)	pagina’s	van	mijn	proefschrift	gebruiken	om	iedereen	te	bedanken	die	op	
een	of	andere	manier	een	rol	heeft	gespeeld	bij	mijn	opleiding	en	de	totstandkoming	van	dit	
proefschrift:

“Bij	deze,	bedankt	allemaal!”

Een	 aantal	mensen	wil	 ik	 specifiek	 noemen,	 om	 te	 beginnen	met	mijn	 co-promotor	 Leo	
Klomp.	Beste	Leo,	bedankt	dat	je	me	vijf	jaar	geleden	de	kans	hebt	geboden	om	het	beste	
uit	mezelf	te	halen.	Je	bent	een	kei	in	(s)preken	over	‘controles’	en	‘het	maken	van	keuzes’.	 
 
Professor	 Berger,	 beste	 Ruud,	 ik	 heb	 bewondering	 voor	 de	 rustige	 doeltreffende	 manier	
waarmee	jij	het	overzicht	bewaart	en	leiding	geeft	aan	een	afdeling.	Het	grootste	deel	van	
mijn	 promotietraject	was	 je	 op	 de	 achtergrond	 aanwezig,	maar	wanneer	 nodig	wist	 je	 de	
juiste	vragen	te	stellen	en	een	prettige	werkomgeving	voor	mij	te	scheppen.
 
En	dan	de	mensen	uit	het	lab.	Beste	Stan	en	Saskia,	de	VENI	post	doc’s	van	de	afdeling,	mijn	
dank	is	groot	en	jullie	weten	waarvoor.	Stan,	ik	heb	veel	geleerd	van	je	pragmatische	manier	
van	werken.	Saskia,	jij	hebt	het	talent	om	anderen	te	motiveren.	Beiden	bedankt	voor	de	fijne	
samenwerking	en	ik	wens	jullie	veel	succes	op	jullie	eigen	carrièrepad.

Lieve	 Janneke	 en	 Peter,	 mijn	 paranimfen,	 ik	 hoop	 dat	 jullie	 je	 werk	 goed	 doen	 in	 het	
zweetkamertje!	Janneke,	fijn	dat	we	het	altijd	zo	eens	waren	dat	ATP8B1	toch	echt	het	meest	
interessante	gen/eiwit	van	het	lab	was!	Bedankt	voor	de	fijne	samenwerking,	het	vertrouwen	
en	een	luisterend	oor	op	zijn	tijd.	Peter,	in	het	begin	vond	ik	je	maar	een	irritante	betweter,	
maar	vooruit...	ik	kwam	er	vrij	snel	achter	dat	je	toch	ook	wel	eens	gelijk	had.	Bedankt	dat	
ik samen met jou zo lekker overal tegenaan kon schoppen, mopperen, grappen uithalen, onze 
collega’s	een	beetje	‘prikken’	en	natuurlijk	op	zijn	tijd	een	biertje	drinken!	
 
Beste,	 Denis	 (met	 één	 n),	 door	 jou	 voelde	 ik	me	 snel	 thuis	 op	 het	 lab.	 Je	 bent	 en	 blijft	
voor	mij	 de	 “leermeester	 van	 de	 practical	 joke”.	Als	 ik	 een	 trek-rotje	 zie, moet ik altijd 
aan	 jou	denken.	 Jammer	dat	 je	halverwege	mijn	promotietijd	wegging,	maar	erg	 leuk	dat	
we	nog	steeds	contact	hebben.	Beste	Rina,	ik	heb	smakelijk	moeten	lachen	om	je	plan-de-
champagne	 (planning	van	 je	 experimenten)	en	 je	 “ik	heb	het	drukki-druk”.	Bedankt	voor	
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de	fijne	samenwerking	en	voor	je	inzet!	Dorothee,	jij	hoort	hier	ook	bij,	ik	vond	het	erg	fijn	
zo’n enorm gemotiveerde studente te mogen begeleiden. En ... ik heb ook van jou geleerd. 

Beste huisgenoten, eh (oud)kamergenoten van de AIO-kamer bedoel ik: bedankt dat jullie 
de	 snoeppot	net	 zo’n	goed	 idee	vonden	als	 ik	 en	dat	 jullie	bereid	waren	mijn	 ‘highs	 and	
lows’	 aan	 te	 horen	 en	 te	 delen.	 Lieve	Wendy,	Willianne	 en	Hannelie	 bedankt	 voor	 alles,	
ik	heb	er	geen	woorden	voor.	Zonder	jullie	zou	het	in	ieder	geval	een	heel	stuk	moeilijker	
zijn	geweest	en	waarschijnlijk	ook	een	stuk	minder	 leuk.	Hopelijk	blijven	we	elkaar,	met	
Janneke	 erbij,	 nog	vaak	 zien	op	onze	 eet-afspraken.	Dear	Raffaella,	 thanks	 for	 being	my	
best	Italian	friend	(besides	that	you	are	the	only	one).	Coffee	breaks	with	you	were	always	
a	 relief.	 Patricia	M,	 bedankt	 voor	 je	 inspirerende	 gespring	 en	 je	 hulp	 (op	 afstand)	 bij	 de	
micro	 arrays.	 Edwin,	 ‘GoGo	 Metabolomics’	 en	 hopelijk	 kan	 jij	 dit	 jaar	 ook	 dat	 andere	
‘project’	afronden!	Monique	A,	met	 jou	precisie	en	doorzettingsvermogen	kom	 je	er	wel. 
 
Beste	galbakken:	Leo,	Joost	K,	Inge,	Stan,	Saskia,	Janneke,	Roderick,	Karel,	Ellen	W,	Raffa,	
Rina	en	Wendy	vdW,	ik	ga	onze	vrijdagochtend	werkbesprekingen	enorm	missen.	Geweldig	
hoe	we	in	die	werkbespreking	gal	kunnen	spuwen	en	zeggen	wat	we	op	onze	lever	hebben	
over	elkaars	werk	en	experimenten.	Dit	klinkt	negatiever	dan	ik	het	bedoel,	het	is	een	veilige	
omgeving met de nodige kritische massa. Ik heb van jullie allen veel geleerd. Bedankt. 
Inge,	heel	erg	fijn	dat	je	de	Nederlandse	samenvatting	hebt	willen	nakijken.
 
Dear	members	of	the	Joost	Holthuis	group:	Joost,	Patricia	V,	Catheleyne,	Susanne,	Guillaume	
and	 Hanka	 thanks	 for	 your	 critical	 input	 during	 our	 meetings.	 I	 really	 enjoyed	 your	
chemical	point	of	view	on	P4	ATPase	biology!	Patricia	V,	jij	speciaal	bedankt	voor	de	fijne	
samenwerking.	Het	is	een	mooi	hoofdstuk	geworden.	Hierbij	zijn	wij	ook	dank	verschuldigd	
aan	Viola	en	Judith	Klumperman.	

Alle	andere	(oud)	AIO	collega’s	van	‘Metabole’:	Sjacie,	Prim,	Alex	(the	 little	greek	 table	
cloth),	Olivier,	Gemma,	Ellen	J,	Leyla,	Sabine,	Yuan,	 Ismail,	Mattheus	en	Henk	bedankt.	
Met	zijn	allen	in	hetzelfde	schuitje	zitten, schept	een	band.	Ik	hoop	dat	we	nog	lang	contact	
blijven houden. Collega’s van de diagnostiek, bedankt voor jullie belangstelling en Maria 
speciaal bedankt voor de LC-MS taurocholaat metingen. Monique de G en Truus, soms heb 
ik	het	idee	dat	zonder	jullie	alles	in	het	honderd	zou	lopen.	Ik	heb	bijzondere	waardering	voor	
al	jullie	werkzaamheden.	Mariette,	Jet,	Carola,	Ellen	W,	Ellen	vB	en	alle	andere	collega’s	
van	Lab	2,	sorry	dat	de	grapjes	niet	stopten	na	Denis	zijn	vertrek,	maar	gezellig	was	het	wel,	
toch?!
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Lieve	vrienden:	Nadine,	Bram,	Betty,	Stefan,	Suzanne,	Judith,	Morten,	Paul,	Emma,	Oscar,	
Lonneke,	Joppe	en	Vivanne	bedankt	voor	jullie	interesse	in	mijn	werk,	de	gezellige	avonden	
eten,	kletsen,	en	de	weekenden	en	vakanties	naar	Bretagne	en	Kopenhagen.	Ze	waren	alle	
een	welkome	afleiding.	Jullie	zijn	allemaal	top!	Michiel	jij	hoort	ondertussen	ook	zeker	in	
dit rijtje thuis. Bedankt dat ik tijdens de eindspurt bij 30 Media op kantoor mijn eigen bureau 
mocht	‘bezitten’.	Ingrid:	bedankt	voor	je	redigeerwerk!

Harry,	Nelly,	Suzanne,	Thijs	en	Anne,	sorry	dat	ik	altijd	mijn	laptop	en	mijn	werk	meesleepte	
als	Bart	 en	 ik	bij	 jullie	kwamen.	Vanaf	nu	ben	 ik	 echt	van	de	partij!	Bedankt	voor	 jullie	
interesse,	steun	en	de	gezellige	avonden	eten	en	wijn	drinken	de	afgelopen	jaren.	Harry,	gaan	
we	nog	een	mooie	fles	openmaken	op	28	juni?!

Lieve	Bob	en	Eefje,	vorig	jaar	toen	jullie	mijn	getuigen	waren	heb	ik	al	tegen	jullie	gezegd	
dat	jullie	zo’n	ontzettend	fijne	broer	en	zus	zijn	(ja,	het	–tje	is	eraf,	jullie	zijn	wel	jonger,	maar	
ik	ben	toch	echt	de	kleinste	thuis).	Bedankt	dat	jullie	er	altijd	voor	me	zijn!	Bob,	ik	hoop	dat	
je	dadelijk	na	je	afstuderen	snel	een	leuke	baan	vind.	Jij	ook	Eef	als	je	straks	terug	bent	van	
je	Guatemala	avontuur.	En	heel	veel	geluk	met	Niels	in	de	toekomst!
 
Lieve	Papa	en	Mama,	bedankt	voor	de	geweldige	jeugd	die	jullie	me	hebben	gegeven!	Mama: 
Volgens	mij	vraag	ik	nog	steeds	irritant	veel	“Waarom?”,	Papa:	“Je	kan	klein	zijn	maar	toch	
groot…”	Bedankt	dat	jullie	altijd	achter	me	staan,	ook	wanneer	ik	eigenwijs	ben;	“tóch	het	
VWO	willen	afmaken”	en	“tóch	een	tweede	studie	in	Leiden	willen	beginnen”.	Het	heeft	me	
gemaakt	en	gebracht	tot	wie	ik	vandaag	ben.	Ik	ben	enorm	trots	dat	jullie	mijn	ouders	zijn.

Bart,	leven	met	jou	is	iedere	dag	een	feestje!	Bedankt	dat	je	er	altijd	onvoorwaardelijk	voor	
me	bent.	Jij	bent	de	liefste.
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 Curriculum Vitae

Lieke	Maria	van	der	Velden	werd	geboren	op	6	februari	1979	te	’s-Hertogenbosch.	Na	het	
behalen	van	haar	VWO	diploma	in	1997	aan	het	Jeroen	Bosch	College	te	’s-Hertogenbosch,	
begon	zij	datzelfde	jaar	de	opleiding	tot	biologisch	en	medisch	laboratorium	ingenieur	aan	
de	Hogeschool	 van	Arnhem	 en	Nijmegen.	Na	 een	 afstudeerstage	 in	 2000-2001	 bij	ATO-
DLO	te	Wageningen	behaalde	zij	in	2001	haar	ingenieurs	diploma	waarna	zij	in	datzelfde	
jaar met een studie biologie aanving aan de universiteit Leiden. In 2002 doorliep zij haar 
hoofdvakstage	bij	de	afdeling	Medisch	Microbiologie	van	het	Leiden	Universitair	Medisch	
Centrum	onder	begeleiding	van	Prof.dr.	E.J.	Wiertz	en	Dr.	M.E.	Ressing.	Hierop	volgde	in	
2003-2004	een	bijvakstage	op	de	afdeling	Celbiologie	van	het	Instituut	Biologie	Leiden	onder	
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